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The consequences of corrosion are extremely costly and troublesome. In manufacturing
companies, for instance, corrosion is considered a chronic problem that causes sudden
disruptions in many segments of operation including processing, production, transportation, and
containment of commodity products. Protection against corrosion is, therefore, important, as it
helps achieve service life extension for metals and reduction in corrosion-related costs. Risk
reduction for catastrophic structural failures and accident prevention can also be realized.
Broader application of protective coatings and corrosion inhibiting agents remains one of the
best technical practices in minimizing the effects of corrosion. This study introduces different
classes of polymers and organic compounds and their potential use as new groups of corrosion
preventing materials.
Firstly, the use of semi-fluorinated perfluorocyclobutyl (PFCB) aromatic ether polymers
as coatings for corrosion prevention was examined. PFCB polymers share several important
characteristics with commercial fluoropolymers including chemical resistance, thermal stability,
mechanical strength, and low surface energy, but with enhanced processability. Secondly, the use
of very small amounts of azole-based aromatic compounds was shown to effectively inhibit

corrosion in acidic medium. Compared to other inhibitor agents, these compounds have the
advantage of being less complex, inexpensive, environmentally friendly, and synthesized in a
one-step approach. Thirdly, the use of a tetradiglycidyl-ether-based epoxy-amine resin as
corrosion resistant coating was investigated both in its intact and artificially-damaged forms.
This epoxy resin, which can be infused with preform materials, has been used in the
development of carbon fiber composites for aircraft applications. Finally, the capability of a
superhydrophobic perfluorinated polymer nanocomposite coating to resist corrosion was
evaluated. The coating also displayed superoleophilicity, which led to its additional use in
separating oil-water mixtures.
Standard electrochemical methods such as open circuit potential, electrochemical
impedance spectroscopy, and potentiodynamic polarization were used to evaluate the corrosion
protection performance. Several other analytical techniques were also employed to characterize
the quality and structure of the protective materials and supplement the results acquired from
electrochemical analyses.
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CHAPTER I
INTRODUCTION
This chapter contains materials previously published in Caldona, E. B.; Smith Jr., D. W.;
Wipf, D. O. Surface electroanalytical approaches to organic polymeric coatings. Polym. Int.
2020. https://doi.org/10.1002/pi.6126.
1.1

Corrosion and metal protection
Metals have become essential part of human life because of their use in many commercial

and industrial applications: bridge and building constructions, marine, aircraft, chemical
processing plants, mining, pipelines, and many more.1 However, without protection, they
degrade to a certain extent and eventually fail due to corrosion–a natural process that can never
be entirely prevented. Described as reverse metallurgy, corrosion is the deterioration of metallic
structures as a result of their interaction with environments filled with moisture, salts, and a
variety of other chemicals.2,3 Corrosion is a crucial economic problem that causes billions of
dollars of damages worldwide annually.1 It can only be controlled by disrupting its electrical
and/or chemical processes; that is, by using a protective agent, which not only minimizes the
diffusion of aggressive species to the metal surface, but also prevents it from contacting with
corrosive environments. Coatings containing chromium have long been used as excellent
corrosion protectors for metals. However, chromium-containing compounds are considered
carcinogens and pose serious health effects over extended use and exposures.4 As far as safety
and health are concerned, substitute approaches have been considered to eliminate the use of
1

such toxic chemicals as coatings. The use of organic polymeric coatings or corrosion inhibiting
agents has become popular in controlling and minimizing the effects of corrosion.5–16
1.2

Organic coatings
The use of organic coatings has been regarded as one of the most practical means of

extending the service life and preserving the aesthetics of many metallic structures. Organic
coatings are essentially polymeric composite materials that exhibit complex variation in
structure, chemical composition, and surface/interface properties.8,14 Polymer resin, which forms
the matrix phase, is the key component primarily responsible for coating adhesion to the metal
surface and basic barrier protection against water and electrolyte diffusion.14 The performance of
the matrix phase can be defined by its physicochemical properties, which are mostly attributed to
the surface energy, structural packing, backbone, side chains, and degree of crosslinking of the
polymer.14 The most commonly used polymer matrices in organic coatings include
polyurethanes, acrylics, silicones, epoxies, phenolics, and fluoropolymers.5,17–21 Micro- and
nanosized additives are occasionally added to enhance the overall performance of the
coating.6,8,9,11,12,14–16
1.2.1

Metal pre-treatment and coating preparation
In order to develop a more robust coating system, the protective properties and stability

of the coating under harsh conditions and the corrosion that takes place at the coating-metal
interface, must be thoroughly investigated. The protective properties of the coating can be
described by a complex mechanism influenced by many factors22–25 including surface adhesion,
thickness, dielectric property, water uptake, additives, the metal surface condition, exposure
conditions, and reactions occurring at the coating-metal interface. The metal surface condition is
2

crucial, and it is important to have a properly prepared surface prior to coating. It has been
established that insufficient surface pretreatment is a cause of premature coating failure.26,27
Metal pretreatment is required to remove soiling, eliminate loose scale, and introduce surface
roughness, which improves the interfacial bond and strengthens the mechanical interlock
between the metal surface and coating.26–28 Abrasion using an emery cloth or SiC paper, surface
etching, hydro- and sandblasting, water jetting, and degreasing with ethanol or acetone are
among the most popularly employed surface pretreatments.26,27 Further, the film coating process
is critical in achieving a consistent thickness and continuous film over the entire metal surface. A
wide variety of coating application methods such as dipping, spraying, brushing, drop casting,
spin coating, doctor blading, and other specialized and advanced coating techniques have been
reported.8,14 The choice of method depends upon the knowledge of the coating technique and the
corresponding advantages it can afford.
1.2.2

Accelerated weathering tests for coatings
When a coating is properly applied onto a well-prepared surface, the coating should be

expected to serve its purpose of protecting the underlying metal. The capability of a coating to
withstand a specific environment is determined by exposing it to a particular weathering
condition. For instance, atmospheric exposure under natural environment conditions can be used
to accurately predict a coating’s failure. However, the testing times for environmental exposure
are long and may be impractical.29 The tests also offer qualitative evaluation of the protective
properties without providing quantitative information about the coating degradation and failure
mechanism.22 Alternatively, it is a common practice to rapidly assess and predict the damage and
failure modes of coated samples by accelerated testing. Many standardized laboratory tests have
been devised to aggressively simulate environmental stresses to rapidly obtain coating
3

performance data. Salt spray (or fog), prohesion, pull-off, and thermal cycle testing are
commonly employed accelerated weathering techniques.30,31 Although the assessment of coating
degradation can be subjective as it is often performed by a visual check, these tests effectively
are widely acknowledged as qualification methods as they can well predict the trend in coating
protection performance.30
1.3

Electrochemical techniques for corrosion analysis
Tests for corrosion analysis, which are more deterministic in nature are often preferred.

Since the process of corrosion is mostly electrochemical in nature, it is, therefore, more
appropriate to employ laboratory-based electrochemical methods of analysis, which not only
elucidate the coating deterioration mechanism, but also depict the reactions at the coating-metal
interface and describe a coating response towards a simulated corrosive environment.32,33
Techniques that measure impedance and the correlation between current, potential, and time,
have been widely used to obtain mechanistic information on corrosion.22,24,34–45
1.3.1

Electrochemical test cells
The majority of past and current corrosion experiments have used the traditional

electrochemical setup made popular by Leidheiser,46 where a test electrolyte solution reservoir is
constructed by either permanently or temporarily attaching a non-metallic tube fitting (e.g.
plastic, Pyrex glass, and the like) to a horizontally positioned working electrode (WE), composed
of the material (e.g. coated metal) under investigation at which the electrochemical reaction of
interest occurs. The experimental setup (Figure 1.1a) that we use in our laboratory consists of a
poly(vinyl chloride) (PVC) tube glued to a WE with vertically positioned counter (CE) and
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reference (RE) electrode.5 The area of the coating exposed to the test solution is the region
bounded by the tube fitting.
The CE (also called the auxiliary electrode) is the electrode that closes the circuit and
supplies the current flow between the WE and itself. The CE should have a larger area than the
WE so that the current density at the CE is lower than at the WE. The CE is chosen to be
electrochemically inert under the conditions of the experiment. Thus, graphite rods and platinum
wires/meshes are commonly used as CEs.

(a)

(b)
Reference electrode (RE)

WE
CE

Counter electrode (CE)

Potentiostat

RE

PVC tube
Electrolyte solution

Working electrode (WE)

Figure 1.1

Typical electrochemical cell setup for corrosion experiments where the WE is
either (a) positioned horizontally and attached to a tube fitting or (b) vertically
suspended

Figure 1.1a is reproduced from reference 5 with permission from Springer.

The WE potential is reported as the potential difference from a RE common. As such, the
RE is constructed to exhibit a well-defined, constant potential that is ideally unaffected by
changes in solution temperature and composition. The most popularly used REs in aqueous
solutions are the Ag/AgCl and saturated calomel electrode (SCE), with the mercury sulfate
electrode used in acidic solutions and the mercury oxide electrode in alkaline solutions.47
5

A common alternative setup (Fig. 1.1b) shows a suspended WE vertically and partially
immersed in a container of test solution. In both cases, the whole setup may be enclosed in a
Faraday cage and/or connected to ground to significantly reduce environmental electrical noise.
1.3.2

Open circuit potential
The first step in any electrochemical corrosion experiment is the measurement of open

circuit potential (OCP), a technique, which monitors the potential of a sample in the absence of a
current flow. For corroding samples, this potential usually decreases and becomes stable over
time. A stable or constant OCP indicates that the system under investigation (e.g. coated metal)
has reached equilibrium and all occurring electrochemical reactions exhibit a constant rate.48 It is
at this point where succeeding electrochemical experiments (discussed in the following sections)
can be performed.
It is presumed that corrosion is less likely to occur when metals are coated with polymers,
therefore, more positive OCP values should be observed than those for uncoated metals. Caldona
et al.5 performed OCP measurements for perfluorocyclobutyl (PFCB) polymers coated on mild
steel and compared the resulting corrosion resistance with polyvinylidene fluoride (PVDF)
coating. Figure 1.2a shows the structures of the PFCBs (with assigned nomenclatures) and
PVDF, including the OCP with time in Figure 1.2b. After 24 h of immersion in 0.5 M NaCl
solution, the fluoropolymers showed more positive OCP values than the uncoated steel. The
authors attribute this behavior to the C–F bonds of the fluoropolymers, which mostly impart
stability, electrolyte resistance, and hydrophobicity to the coatings. Among the fluoropolymers,
PM1 and PVDF displayed the most positive OCP values, which suggest evidence of higher
corrosion resistance towards the electrolyte solution. The authors attributed this effect to the
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cross-linked structure of PM1 and structural packing of PVDF. In comparison, the uncoated steel
surface shows a negative OCP indicative of active corrosion.
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(a) Chemical structures for PFCB and PVDF coatings and their corresponding (b)
OCP plots after a 24-h NaCl solution immersion.

Reprinted from reference 5 with permission from Springer.

OCP is an essential electrochemical parameter as the process of corrosion is driven by
thermodynamic conditions (i.e. high energy pure metal is converted to its low energy oxide
form).2,3,49,50 OCP values for coated metals are generally more positive during the early stages,
but a shift towards more negative (lower) OCP values over time may indicate surface oxide
formation at the coating-metal interface.51 While OCP may be an ambiguous indicator for
corrosion activity, it is considered as a useful preliminary electrochemical technique by many
corrosion scientists as it can provide a hypothetical evaluation of the ability of polymer coatings
to protect metals from corrosion.
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1.3.3

Electrochemical impedance spectroscopy
Over the past few decades, electrochemical impedance spectroscopy (EIS) has been

regarded as one of the most reliably and extensively used techniques for the study of polymer
coatings. EIS is used to extract mechanistic information on the charge-transfer activities at the
coating-metal interface and various degradation mechanisms that lead to coating delamination or
loss in adhesion.22,24,34–37 A perfectly coated metal is an electrical capacitor where the coating is
an insulating dielectric material sandwiched between two conductor materials; metal on one side
and the electrolyte solution on the other.52 Therefore, in its pristine form, a coated metal will
have the electrical response of a capacitor. However, as it breaks down and electrolyte begins to
permeate the coating, it will also have resistive elements.23,53,54 Thus, a coated metal exposed to a
corrosive environment exhibits a capacitive-resistive behavior.

Figure 1.3

Typical Bode plots for a polymer coated metal (a) without any electrolyte
diffusion, (b) with electrolyte diffusion but showing no coating delamination, and
(c) showing both diffusion and coating delamination.

In EIS, impedance is measured by applying a small AC voltage, around 10 mV, to the
coated metal at a range of frequencies. The data is then described in polar form in the complex
plane by the following relationship:36
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𝑉 = 𝐼|𝑍|𝑒 𝑗𝜃

(1.1)

where 𝑉 is the voltage, 𝐼 is the current, |𝑍| refers to the impedance magnitude or modulus, 𝑗 is
the imaginary unit, and 𝜃 is the phase angle. The 𝜃 is the phase shift as a result of the current lag
when the current passes through the capacitive element (𝜃 > 0°), while the resistive behavior is
shown as 𝜃 approaches 0°. Thus, impedance contains both elements of capacitance and
resistance.36
EIS data are plotted either as Bode or Nyquist diagrams. Bode diagrams will have a plot
of magnitude, showing log |𝑍| versus log frequency, f, and a plot of phase angle, 𝜃, versus log f.
Figure 1.3a illustrates the expected Bode plot for a protective and intact polymeric coating
showing no signs of electrolyte diffusion.23,36,55 The magnitude plot exhibits a straight line of
slope –1, and the phase plot shows 𝜃 = 90° at almost all frequencies, indicating essentially
purely capacitive behavior. Figure 1.3b depicts a typical Bode plot for a coated metal, in which
the electrolyte has diffused through the coating pores without any coating delamination.23,36,37,55
The plateau section at lower frequency region of the magnitude plot and the presence of only one
𝜃𝑚𝑎𝑥 (i.e. a single dominant resistor capacitor element) in the phase angle plot are characteristics
of this phenomenon. The |𝑍| value at the low frequency region generally decreases over time as
the coating becomes saturated with the electrolyte solution. However, a |𝑍| ≥ 106 Ω cm2 at this
region is generally viewed as an indication of a good polymeric coating that can provide an
adequate level of corrosion protection.56 Meanwhile, the Bode plot in Figure 1.3c describes a
coating that has delaminated from the metal substrate due to excessive electrolyte
permeation.23,36,37,55 This delamination is indicated by the horizontal line at mid frequency region
9

and the 𝜃𝑚𝑎𝑥 at the low frequency region of the magnitude and the phase angle plots,
respectively. From this region, the rate of delamination can be determined. The other 𝜃𝑚𝑎𝑥 at the
high frequency region is due to the protective property of the coating.

Figure 1.4

Typical Nyquist plots (with corresponding EECs) showing a (a) capacitive vertical
line, (b) depressed semicircle, (c) two depressed semicircles, and (d) depressed
semicircle with a Warburg diffusion tail.

The Nyquist diagram is an alternative plot of the EIS. It plots in cartesian coordinates, the
real part of the impedance, Z′, against the imaginary part, Z′′. Figure 1.4 presents the typical
Nyquist spectra, alongside the most likely corresponding equivalent electrical circuit (EEC)
model for a given polymer-coated metal. EIS data are fitted to the EEC model to understand the
behavior of the coating and the electrochemical processes occurring at the interface between the
10

coating and the metal. A pristine polymeric coating showing no evidence of electrolyte diffusion
will act as an almost ideal capacitor and correspond to a vertical line Nyquist plot (Figure
1.4a).23,24,36,55 A resistor added to the EEC model represents the resistive contribution of the
electrolyte solution resistance, Rs.23 Here, the resistive contribution to the impedance at all
frequencies is small enough to not affect the plot appearance, however, the resistance has an
effect on the Bode magnitude plot in Figure 1.3a, where it is seen as a small horizontal line at the
high frequency region. As soon as the electrolyte permeates the coating, the Nyquist plot
becomes a depressed semicircle (Figure 1.4b), where the circle center lies below the real Z’
axis.23,24,36,37,55 The circle diameter provides a quick comparison between protective properties of
different coatings, where, the larger the size, the higher the corrosion resistance. Depressed
semicircles in Nyquist plots are common for many polymer-coated metals, because of the
coating’s surface heterogeneity and corrosion products developing within coating defects.57 As a
result, the corresponding EEC model is a slightly modified Randles circuit, where a constant
phase element (CPE) is substituted for the capacitance. Mathematically, the CPE impedance58 is
given by:

𝑍CPE = 𝑌𝑜−1 (𝑗𝜔)−𝑛

(1.2)

where 𝑌𝑜 refers to the CPE constant, 𝜔 = 2𝜋𝑓 is the angular frequency, and 𝑛 is an exponent
that indicates the deviation of the CPE element from an ideal capacitor. An ideal capacitor has
𝑛 = 1, with non-ideal capacitive coating behaviors described by 0 ≤ 𝑛 ≤ 1. The Rc-CPEc
element pair represents the polymer coating interface and reflects the only time constant in the
Bode 𝜃 plot of Figure 1.3b. The coating or pore resistance is denoted by Rc and its magnitude at
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any given time reveals the coating’s state of degradation caused by the electrolyte diffusion
through the pores.23,59,60 While the Rc value can occasionally increase with time, perhaps due to
defect or pore blocking by corrosion products, it typically decreases over time.37 The intrusion of
water into the coating also affects its thickness and dielectric constant,59 subsequently increasing
its capacitance CPEc. Therefore, CPEc values at two given times can estimate the volume
fraction of water uptake by the coating using the empirical formula developed by Brasher and
Kingsbury:61

𝑋𝑣 =

𝐶
log (𝐶𝑡 )
0

(1.3)

log 80

where Ct and C0 are the final and initial capacitance values, while the value 80 refers to the
dielectric constant of water. This formula has been useful for many water diffusion studies in
polymer-coated metals as it aids in the evaluation of protective performance and analysis of
coating failures caused by excessive water exposure.
As water permeates the film and reaches the coating-metal interface, the Nyquist plot
develops an additional semicircle, an arc (Figure 1.4c) or a line inclined to the real Z′ axis at
roughly 45 (Figure 1.4d) at the low frequency region.23,24,36,55 In either case, the high-frequency
semicircle contains the coating information, while the low-frequency semicircle or slanted line
depicts the electrochemical reactions at the coating-metal interface. Accordingly, the EECs in
Figure 1.4c-d show an additional Rct-CPEdl pair and/or a Warburg (W) diffusion element.
The Rct-CPEdl pair accounts for the electrochemical activity occurring at the coatingmetal interface and the low-frequency time constant60 shown in Figure 1.3c. The Rct for a coated
metal is generally higher at the early stages. However, as the coating continues to degrade with
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time, it gradually loses ability to resist charge-transfer (i.e. Rct decreases) at the coating-metal
interface and accordingly, the metal surface becomes more susceptible to corrosion.24,60 As water
accumulates between the film and metal, the presence of the charged metal surface causes an
accumulation of oppositely charged ions at the interface. This so-called electrical double layer62
separates the metal from adsorbed ions, producing a double-layer capacitance. The model term
CPEdl describes the charge distribution and the local dielectric constant across the coating-metal
interface.
The W element in the EEC model of Figure 1.4d describes diffusion corresponding to the
movement of ions and corrosion products into and out of the coating. It represents linear
diffusion at a planar electrode through an unbounded diffusion layer (i.e. semi-infinite
condition).24,63 Its impedance64 is given by:
𝑍W = 𝜎𝜔 −1⁄2 (1 − 𝑗)

(1.4)

where 𝜎 refers to the Warburg coefficient. 𝑍𝑊 is generally characterized by a diffusion tail and a
𝜃𝑚𝑎𝑥 = 45° in the Nyquist and Bode 𝜃 plots, respectively, and CPE with 𝑛 value close to 0.5.
The Rct and 𝜎 values can be used to determine the diffusion mode of the system.23 In general, the
diffusion is charge-transfer controlled if Rct/𝜎 > 10, while it is mass-transfer controlled for Rct/𝜎
< 0.1, in which the contribution of the Rct-CPEdl pair in the EEC can be neglected.
Furthermore, the breakpoint frequency, fb, which is the corresponding frequency when 𝜃
first falls to 45°, is another useful parameter that measures the coating disbonded area due to
water permeation.24,57 It is given by the following formula, which is based on the premise that Rc
is a function of the coating delaminated area:24
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𝑓b =

1
2𝜋𝑅c 𝐶𝑃𝐸c

(1.5)

Alternatively, the location of fb along the log f-axis of a Bode plot, can provide a quick,
sensitive view of the degree of coating delamination. fb values found at the high-frequency
region correspond to a greater degree of coating damage. Caldona et al.5 compared the
performance between PFCB-PM1 and PVDF (structures are shown in Figure 1.2a) coatings after
a 24-h NaCl solution immersion by locating the fb from the Bode plots displayed in Figure 1.5.
The fb of PM1 can be found at higher frequencies than that of PVDF, implying that the intensity
of coating disbonding in PM1 is higher than in PVDF. However, the authors have argued that

(b)

such damage is insignificant as the |𝑍| values of both coatings have exceeded 106 Ω cm2.
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Overall, EIS is a powerful electroanalytical tool for the evaluation of protective
properties of polymer coatings as it provides a wider mechanistic view of the coating behavior
and deterioration and reveals effects that other tests are unable to determine. A limitation is that
different EEC models may give fit equally well to the experimental data. Clearly, deciding on the
appropriate model requires knowledge of the possible processes that occur and the support of one
or more independent electroanalytical techniques.
1.3.4

Potentiodynamic polarization
Corrosion is a thermodynamic-driven process described by two contrasting

electrochemical reactions.2,3,49,50 The presence of water at the coating-metal interface initiates an
anodic reaction, usually metal oxidation:

M → M 𝑛+ + 𝑛𝑒 −

(1.6)

where M 𝑛+ represents the ionic form of the metal (M) and 𝑛𝑒 − is the number of electrons
released into the metal and subsequently consumed in the cathodic reaction (usually the oxygen
reduction reaction):

O2 + 2H2 O + 4𝑒 − → 4OH −

(1.7)

In potentiodynamic polarization, these reactions are accelerated by scanning over small
potential range, usually 250 mV, cathodically and anodically from the OCP, while monitoring
current. These data are then presented in a graph called the Tafel plot (Figure 1.6a), where the
absolute value of the current, which depicts any changes in the reaction rate, is shown on a
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logarithmic scale. The corrosion potential Ecorr and current density Icorr can be extracted via
extrapolation of the linear cathodic and anodic regions and fitting of the Tafel plot to the ButlerVolmer equation:38,65

𝐼 = 𝐼𝑐𝑜𝑟𝑟 (𝑒 2.303(𝐸−𝐸𝑐𝑜𝑟𝑟 )⁄𝛽𝑎 − 𝑒 −2.303(𝐸−𝐸𝑐𝑜𝑟𝑟 )⁄𝛽𝑐 )

(1.8)

where 𝐼 and 𝐸 refer to the electrode current density and potential, respectively, while 𝛽𝑎 and 𝛽𝑐
are the corresponding anodic and cathodic slopes. The linear anodic and cathodic portions are the
active regions of the Tafel plot where metal oxidation and oxygen reduction are the dominant
reactions.48 The sharp peak in the plot indicates the point in which the current polarity is reversed
as the reaction shifts from net cathodic to anodic, or vice versa.48 It is at this point where the net
current is zero and the rate of the cathodic and anodic reaction is equal. Also, it is noteworthy
that both the Ecorr and OCP, in general, are not exactly equivalent, as the former is obtained by
polarization, while the latter is measured in the absence of current.

Figure 1.6

(a) Analysis of a typical Tafel curve. (b) Tafel plots for bare steel and PBZ/rubbercoated steels with small amounts of PANI after 24 h of exposure to NaCl solution.

Figure 1.6b is reproduced from reference 9 with permission from Elsevier.
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Ecorr values describe the propensity for an electrochemical reaction to occur at the
coating-metal interface, while Icorr values depict the corresponding corrosion kinetics.51 Figure
1.6b presents a Tafel plot taken from a recent study9 that investigated the corrosion resistance of
rubber-toughened polybenzoxazine (PBZ) polymer coatings on carbon steel containing small
amounts of polyaniline (PANI) as additive. After a 24-h exposure to 0.5 M NaCl solution, the
PBZ/rubber-coated metal (PR) showed resistance against the electrolyte solution as evidenced by
a more positive Ecorr compared to the uncoated metal. This barrier property is mainly attributed
to the low surface energy and low water absorption characteristics of PBZ. With the presence of
small amounts of PANI, a shift to higher Ecorr values was observed, indicating improved
protection performance and less corrosion tendency than the pristine PBZ/rubber coating. The
addition of PANI improves the barrier property by reducing the porosity of the coating and
promoting the formation of a protective passive oxide/nitride layer at the coating-metal interface.
This is further supported by low Icorr values, which imply a delay in the electrolyte diffusion
through the coating-metal interface. Relative to uncoated metals, metals protected with polymer
coatings usually exhibit smaller Icorr values, which correlate to lower corrosion rates. Icorr can be
used to estimate the corrosion rate (CR) at the interface:2,3

𝐶𝑅 = 𝐾𝐼𝑐𝑜𝑟𝑟 ×

𝐸𝑊
𝑑

(1.9)

where K is a constant, while EW and d refer to the equivalent weight and density of the corroding
metal, respectively. Over time, a shift towards higher Icorr and more negative Ecorr values may
indicate corrosion onset, due to a coating breakdown and subsequent water diffusion through the
coating-metal interface.51
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It was also found that a correlation between Ecorr and coating thickness exists,33 such that
the Ecorr values for very thin coatings are found to be relatively negative, while sharply becoming
more positive when the thickness is above 20-30 m. Coating thicknesses below this range are
shown to be more susceptible to being damaged due to defects and increased porosity.
Potentiodynamic polarization experiments are helpful in providing insights on the
susceptibility of coated metals to corrosion and estimation of long-term damage effects. In
addition, extractable Tafel parameters (i.e. Ecorr and Icorr) convey thermodynamic and kinetic
information, which benefits a better understanding of the corrosion processes. Though the
polarization measurements are relatively quick, the perturbation arising from extended use of this
technique may introduce small destructive or permanent alterations in the coated surface, leading
to biased results. Hence, in most cases, potentiodynamic polarization works best for short-term
corrosion testing.
1.3.5

Electrochemical noise
The perturbation effects of polarization techniques can be avoided by using

electrochemical noise (EN), a method capable of characterizing interfacial reactions in a
corroding system based on electrical fluctuation measurements. EN is a sensitive and nondestructive technique employed to simultaneously measure potential and current fluctuations as
noise produced by the anodic and cathodic reactions.39,40,66–69 For polymer-coated metals, the
current noise indicates changes in coating integrity, while the potential noise indicates passivity
and the presence of electrolyte at the coating-metal interface.29,70 A typical experimental set up is
shown in Figure 1.7a, where the current noise is recorded between the two WEs (i.e. the coated
metal sample) at their OCP using a zero resistance ammeter (ZRA), and the potential noise is
measured between two identical WEs (essentially connected together by the ZRA) and the RE.
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The results can be plotted in one graph (Figure 1.7b), where the potential and current noise
signals can be shown on separate ordinates, while time is the abscissa. Statistical analysis is
required to interpret the noise data. The basic quantitative approach for evaluating polymercoated metals is the calculation of noise resistance, Rn:66,67

𝑅𝑛 =

𝜎𝑣
𝜎𝑖

(1.10)

where 𝜎𝑣 and 𝜎𝑖 are the standard deviations of potential and current noise signals, respectively.
Several studies42,71–74 observed that the degradation of polymer coatings with time in corrosive
environments is accompanied by a decrease in 𝜎𝑣 and an increase in 𝜎𝑖 , while some reports
showed an increase in both. Though it is essential to involve both EN parameters in data
analysis, it is important to note that a decrease and/or increase in both 𝜎𝑣 and 𝜎𝑖 may not directly
correlate to a coating degradation, but it is the Rn that is decisive. Many studies39,41,66,67,75
describe Rn as a measure of corrosion resistance, which can be interpreted similarly to Rct. The
rate determining step for the occurrence of corrosion at the coating-metal interface is the
diffusion rate of electrolytes through the polymeric structure. This means that Rn measures the
ability of a polymer coating to attenuate the diffusion of electrolytes into the coating-metal
interface.66,67
A visual analysis can be made from the EN plot to provide information on the corrosion
activity at the coating-metal interface. Meng et al.41 conducted studies on EN measurements of
an epoxy-coated metal in a marine environment using an accelerated corrosion test. The resulting
EN plot (Figure 1.7b), after 56 h of immersion, revealed a few EN transients in both the potential
and current signals, which indicate the onset of electrochemical activity at the coating-metal
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interface. The frequency of these transients indicate the intensity of pitting corrosion activity and
the formation of an oxide layer (i.e. passivation) at the interface.67,76

(a)

(b)

WE 1
RE

(c)

ZRA
WE 2

Electrolyte
solution

Figure 1.7

(a) A typical EN corrosion experiment setup. (b) EN potential and current plots for
an epoxy-coated metal after 56 h of exposure to a marine environment under an
accelerated corrosion test. (c) Gaussian distribution plots for potential noise signals
of an organic coating.

Figures 1.7b and c are reprinted from references 41 and 77, respectively, both with permission
from Elsevier.

The utility of Rn as a measure of coating resistance depends the EN data having a
Gaussian distribution.77 A typical example is shown in Figure 1.7c, where the density
distribution is plotted for EN potential signals at different times.75 The three curves overlap
indicating a similar distribution. In comparison to non-Gaussian distributed data, Gaussian EN
data sets produce Rn values that are closer to |𝑍| values at 0.1 Hz in EIS.77 A bimodal EN data
distribution, on the other hand, may indicate significant coating defects,75,78 which can contribute
to an increase in the electrolyte diffusion rate across the polymer phase. In order to extract
mechanistic information, the time domain EN data can also be transformed into the frequency
domain using either the maximum entropy method (MEM)79 or the fast Fourier transform
(FFT)80 to obtain the power spectral density (PSD) plot.71 Details on this transformation
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including relevant mathematical analyses can be found in the literature.39,66,75 The transformed
potential and current noise data are used to determine the spectral noise resistance, Rsn:66–68,71

𝑅𝑠𝑛 = √

𝜓𝑣
𝜓𝑖

(1.11)

where 𝜓𝑣 and 𝜓𝑖 refer to the potential and current PSDs. Similar to the correlation between Rn
and Rct, Rsn should also be analogous66,67 to |𝑍|.
In general, EN technique offers the advantage of performing electrochemical
measurements over very short intervals without any external current or voltage perturbations.
Such capability makes the technique especially useful for corrosion investigation of coated
metals where non-intrusive and rapid measurements are desired. The use of mathematical
analyses and interpretation of the noise data and graphs are the major disadvantages of this
technique.39,66
1.3.6

Scanning electrochemical microscopy
The results obtained from the four preceding techniques represent a general response for

the entire coated surface. Corrosion at the coating-metal interface is initiated locally at the microand nano-scale, and a complete understanding of corrosion and mechanistic response at the
interface requires the acquisition of data at those scales.43–45,81–83 Scanning probe techniques with
high spatial resolution44,81,82,84,85 are becoming more popular for the investigation of corrosion
developing within the microscopic coating defects such as cuts, holes, and the like. A widely
used method is scanning electrochemical microscopy (SECM); capable of imaging localized
electric current flows associated with the occurrence of charge-transfer processes at microscopic
regions of a surface.43–45,81–85 SECM is a useful technique, particularly in the examination of both
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intact and defective polymer coatings where local swelling, leading to early stages of coating
degradation, can be observed while the coating is immersed in a corrosive medium.44,83–85 While
this section aims to provide informative discussion on SECM in a nutshell, more detailed
information on the technique can be found in many recent reports.43–45,75,83,84

(a)

Computer

CE

Bipotentiostat
Electrolyte
solution

O

(b)

Figure 1.8

O O

O
O
O

𝑡

0

WE 2 (coated metal)

O

R

Tip/surface distance

e−

R

O
O

e−

R

e−

(c)
Current

RE

Positioning
system

Current

WE (microelectrode)

e−

(d)
Current

O

𝑡

0

Tip/surface distance

𝑡

0

Tip/surface distance

(a) Schematic of a typical SECM setup. Basic principles of the feedback mode
showing the reactions at the tip surface with the corresponding approach curves
when the tip is (b) away from any surface, (c) near an intact coating, and (d) close
to a damaged coating exposing the metal surface.

A schematic diagram showing the main components of a typical SECM instrument is
displayed in Figure 1.8a. The tip of the SECM probe operates as a working microelectrode of
micrometer dimension. Current is recorded a function of position while the tip is scanned along
the x-y direction at a height z from a coated surface, which acts as a second WE. The differences
observed in the measured current can be correlated to either the local variations in
electrochemical activities across the coating surface or changes in the tip-sample distance z.
SECM can be operated in several modes. The “feedback” mode is commonly employed
for the investigation of localized corrosion, where the current response of the tip is affected by
the surface conductivity.44,84,86 In this mode, a small amount of an oxidizable/reducible species
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known as redox mediator is usually added to the corrosive medium to transport charge between
the tip and sample surface.44 A cathodic current flows when the tip potential is set to the standard
potential for the reduction of the mediator reducible O species to R (O + 𝑛𝑒 − → R). When the tip
is far from any surface (Figure 1.8b), the corresponding current resulting from the hemispherical
diffusion of O and constituting the tip response, is given by:65

𝑡

= 4𝑛𝐹𝐷𝐶 ∗ 𝑎

(1.12)

where n refers to the number of electrons involved in the redox reaction, F is the Faraday
constant, a is the microelectrode tip radius, and D and 𝐶 ∗ refer to the diffusion coefficient and
bulk concentration of O, respectively. When the tip approaches an intact polymer coating (Figure
1.8c), the current becomes smaller than

𝑡

because the diffusion of O towards the tip is partially

hindered by the coating.87 As the tip is brought closer to the coating surface, the current
continues to decrease, approaching zero when the tip nearly touches the coating surface. This
effect, known as the negative feedback,86 is illustrated in an approach curve in Figure 1.8c,
where the correlation between the tip current and the tip/coating distance is shown. If the tip is
directly above a defective, deteriorated, or delaminated coating (Figure 1.8d), where the metal
surface is almost exposed and the oxidation of R back to O occurs (R → O + 𝑛𝑒 − ), a positive
feedback86–88 is experienced due to the regeneration of O in the tip-surface gap. Accordingly, the
tip current becomes higher than

𝑡

and increases further as the tip/coating distance approaches

zero. Essentially, the tip is considered to have reached the coating surface when at least a 75%
decrease or increase in the tip current is achieved.81 Often, SECM is operated in a fixed height,
scanning in a reference plane above the sample.
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Figure 1.9
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200 × 200 μm SECM topographic images of a polyester-coated steel after
different times of exposure to (a) 0.1 M K2SO4 and (b) 0.1 M KCl solutions using
a tip potential of + 0.50 V vs. Ag/AgCl/saturated KCl.

Reprinted from reference 82 with permission from Elsevier.

The topography of the coating can be imaged by moving the tip towards the surface close
enough to produce tip current response and scanning across the x-y direction to image any
tip/coating distance variations.44,82,84,85 Souto and co-workers81–85 have been investigating the
degradation of polymer coatings using SECM over the past years. One of their studies82 focused
on the topographic changes of a polyester coating during exposure to K2SO4 and KCl solutions.
Based on the results, the images acquired from the immersion in 0.1 M K2SO4 solution (Figure
1.9a) show small, uniform currents over the imaged region, which corresponds to little variation
in surface topography. According to the authors, this phenomenon can be explained by uniform
polymer swelling caused by water uptake in the coating. Conversely, Figure 1.9b, shows
progressive changes in topography over time where a bulge is evident after 24 h of immersion in
a more corrosive 0.1 M KCl solution. The authors associated this bulge with coating blisters as a
result of extended immersion giving rise to surface nonuniformities in the polyester-coated
metal.
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In summary, SECM can corroborate the occurrence of localized corrosion by providing
topographic information at the microscale level. The feedback mode is useful in monitoring the
state of a surface coating in real time and any surface behavioral changes that may occur over
time. Although SECM uses measured currents to identify local electrochemical reactivity and
surface evolution, the analyses and interpretations may tend to be more qualitative.
1.3.7

Perspectives
Dynamic research on surface chemistry of polymeric materials has led to the evolution of

new and exciting organic coating products that exhibit exemplary protective properties against
metal corrosion. Many of these properties are dependent upon the chemical composition,
polymer bulk structure, network density, and interfacial characteristics of the coating.
Electrochemistry has played a vital role towards studying corrosion and the use of
electroanalytical techniques has provided valuable information on the electrochemical
phenomena at the coating-metal interface. In addition, the mechanistic understanding of coating
degradation derived from using these techniques has become an avenue for the breakthrough of
many of the current high-performance polymeric coatings.
Although these electrochemical techniques are capable of quantitative evaluation of
coating performance, many of them use external electrical perturbations, which may slightly
affect the coating integrity, modify its natural steady state conditions, and impact measurement
accuracy. Most electrochemical corrosion measurements require these perturbations to quickly
stimulate the response of polymer coatings to corrosive environments. Accordingly, the objective
trend of conventional electroanalytical techniques over time has been focused on the reduction in
magnitude or severity of these perturbations without compromising their measurement
efficiencies. For instance, large amplitude perturbations by potentiostatic polarization has been
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made faster by a potentiodynamic technique, smaller by an impedance approach, and negligible
by noise measurements. In addition, mechanistic insights on the occurrence of localized
corrosion and electrochemical behavior of the coating-metal interface have been illustrated by
SECM at a microscopic level. These and other general advantages/disadvantages of each
technique as applied to polymer coatings are summarized in Table 1.1.
Each technique can yield reproducible outcomes given all important experimental
methodologies are properly followed. These include employing correct experimental conditions
with clean electrochemical test cell. Electrodes must be positioned reproducibly. The high
impedance often seen at coated electrodes can lead to noise pickup. Enclosing the whole
electrochemical setup in a Faraday cage is recommended. Consistent metal pretreatment and
coating preparation are needed as surface heterogeneity is also a source of deviation. As in any
electrochemical experiment on polymer coatings, replicate measurements should be performed to
ensure repeatability and data reliability.
Proper selection of an electrochemical technique depends on the target objectives set by a
specific corrosion experiment. In most cases, the use of two or more techniques is encouraged to
gain better insights on the behavior of polymer coatings towards corrosive environments. For
instance, EIS measurement may be performed alongside potentiodynamic polarization
experiment to achieve a more tangible outcome. Likewise, results elucidating the sensitivity of
EIS, polarization, and EN experiments to localized electrochemical activities and coating
deterioration can be corroborated by SECM technique. New and improved electroanalytical
methods are also currently developed with benefits of faster acquisition and real-time monitoring
of relevant corrosion parameters. Dual-electrochemical-cell (DEC) method,89 electrochemical
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frequency modulation (EFM),90 and scanning electrochemical cell microscopy (SECCM)91 are a
few emerging techniques that show promising use for polymer coating investigation.
Table 1.1

Electroanalytical techniques: Advantages and disadvantages.

Technique
Open circuit
potential

Electrochemical
impedance
spectroscopy

Potentiodynamic
polarization

Electrochemical
noise

Scanning
electrochemical
microscopy

Advantages
• Indicates readiness of
samples for other
electrochemical tests
• Non-destructive technique
due to absence of external
current perturbation
• Provides time-dependent
information
• Non-destructive as it uses
small voltage perturbation
• Provides time-dependent
information
• Data can be fitted into EEC
models, which provide
information on interfacial
activities and coating
delamination
• Provides thermodynamic
and kinetic information on
corrosion
• Estimates long-term
damage effects through
corrosion rates
• Non-destructive due to
absence of electrical
perturbations
• Very short interval
measurements
• Provides information on
localized corrosion at
microscopic scale
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Disadvantages
• Ambiguous
measurement

•

Different EEC
models may
give equally
good fittings

•

Slightly
destructive due
to current
perturbation

•

Requires
complex
mathematical
analyses

•

Primarily
qualitative data

1.4

Surface non-electrochemical based techniques
To achieve more holistic analyses, other supporting non-electrochemical based

experiments may be additionally performed. Weight loss, for instance, is a suitable experiment
that may be paired up with potentiodynamic polarization as both techniques are capable of
indicating rates of corrosion. Although accelerated weathering techniques tend to be qualitative,
they certainly can be employed as add-on as results depicting trend in protection performance
generally correlate well with those quantitatively acquired from electrochemical experiments.
Electron microscopy may also be performed to acquire high resolution images that may visually
support any coating damage findings by EIS and SECM. Furthermore, the use of other
spectroscopic experiments including Fourier-transform infrared, x-ray photoelectron, x-ray
diffraction, energy dispersive x-ray, and Raman spectroscopy, is one of the most appropriate
approaches for supplementing the results and information gathered from any electrochemical
analysis as they can identify any changes in the structural and chemical composition of
protective materials and indicate the formation of corrosion products.
1.5

Objectives and scope of the study
The primary objective of this study is to examine the properties of different classes of

polymer and organic compounds: perfluorocyclobutyl (PFCB) polymers, triazole- and imidazolebased compounds, tetradiglycidyl-ether-based epoxy resin, and superhydrophobic and
superoleophilic perfluorinated polymer nanocomposite; and introduce their potential use as new
groups of corrosion preventing materials. Electrochemical impedance spectroscopy and
potentiodynamic polarization were the main electrochemical techniques used to postulate their
protection mechanism and evaluate their performance. Several spectroscopic, microscopic, and
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other analytical approaches were also performed to characterize their structure and support the
results obtained from electrochemical experiments.
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CHAPTER II
PROTECTIVE ACTION OF SEMI-FLUORINATED PERFLUOROCYCLOBUTYL
POLYMER COATINGS AGAINST CORROSION OF MILD STEEL
This work has been previously published: Caldona, E. B.; Smith, D. W.; Wipf, D. O.
Protective action of semi-fluorinated perfluorocyclobutyl polymer coatings against corrosion of
mild steel. J. Mater. Sci. 2020, 55 (4), 1796–1812.
2.1

Abstract
Fluoropolymers are outstanding among the many organic coatings currently employed for

metal protection against corrosive environments due to their chemical resistance, thermal
stability, mechanical properties, and their low surface energy. These characteristics arise from
the high-strength carbon-fluorine chemical bond. Polymers containing partially fluorinated
blocks show moisture resistance, good dielectric properties, and stability towards thermaloxidative processes while often improving processability. This study examines
perfluorocyclobutyl (PFCB) aromatic ether polymers and demonstrates, for the first time, their
potential as corrosion resistant coatings. PFCB polymers are a distinct class of semi-fluorinated
polymers that are based on thermal cyclopolymerization of aromatic trifluorovinyl ethers
(TFVE). They combine the flexibility and thermal stability of aromatic ethers with strong
fluorocarbon linkages. Electrochemical impedance spectroscopy (EIS) and potentiodynamic
scans reveal that PFCB coatings display protective barrier properties against corrosion attack
nearly equal to that of polyvinylidene fluoride (PVDF) coatings. The PFCBs also show excellent
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adhesion to metal surfaces and non-stick properties comparable to that of PVDF. Combined with
their high thermal resistance, PFCBs may lead to new corrosion resistant coatings in marine, oil
and gas, and other applications.
2.2

Introduction
Protection against corrosion can tremendously extend the lifespan of many metallic

structures, equipment, and artifacts. It can cut costs attributed to equipment repairs and
operations disruption in industry and avoid unforeseen accidents due to weathered structures.1
Although corrosion can never be entirely prevented, the damage it causes is minimized by a
coating that impedes transport of aggressive species to the metal by preventing the metal surface
from contacting the corrosive environment. Organic polymeric coatings are, so far, the most
widely used corrosion barrier due to their ease of application, high performance, and effective
functionality.2–5 They vary in structure and composition from a single polymeric material to
combinations of multiple polymers and/or elastomers and micro- or nano-sized additives to
enhance corrosion resistance.2,3,6–12 However, polymers that act as stand-alone barrier coatings
(i.e. without the presence of any other components or additives) are proven to be more attractive
because of their simplicity and ease of preparation.3,13 They are also effective as they can be an
insulating layer to block electron-transfer between the metal and the corrosive medium,4,14–16
which prevents electrochemical oxidation of the metal.
To efficiently serve its purpose, a corrosion-resistant polymer coating must strongly
adhere to the metal surface17,18 and be tough enough to withstand mechanical abuse.19 It must
also possess sufficiently low ionic permeability4,15 to limit the passage of aggressive species that
initiates corrosion. This limits the amount of moisture present at the coating-metal interface,
minimizing the ionic conductivity and transfer of electrons from the metal surface to the
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corrosive medium.8,20 In addition, strong chemical bonding must exist within the polymeric
matrix to resist the hydrolysis and oxidation reactions that cause coating degradation.21
Protective coatings such as acrylics,22 polyurethane,23 epoxy,24 and phenolic resins25 are widely
employed and are proven to be effective in reducing corrosion until defects initiate coating
failure.
When mechanical integrity, corrosive chemical environment, and extreme temperature
conditions are decisive factors, fluoropolymers lead the choice for high performance coating
materials.26 They are popular because of their wide range of applications requiring chemical
resistance,27,28 good mechanical properties,29,30 and stability at both low and high
temperatures.31,32 They also possess special properties such as release and non-stick abilities,33,34
low abrasion and friction,34 low refractive index,30,35 anti-fouling,34,36 and very low surface
energy.34,37 These properties are due to the very high bond energy of fluorocarbons.38 This,
together with the development of small bond polarization of the carbon-fluorine bond,38
enhances the overall bonding strength of the fluoropolymer matrix. Such characteristics make
fluoropolymers a preferred choice for applications requiring high-temperature and harshenvironment performance.31 Some of the widely employed perfluoropolymers are
polytetrafluoroethylene (PTFE),39 perfluoroalkoxy (PFA),40,41 fluorinated ethylene propylene
(FEP),40 and amorphous fluoropolymers (AF).30 Partially fluorinated fluoropolymers, in which
hydrogen (or other atoms such as chlorine) and fluorine are present in the structure, also show
resistance to moisture, low dielectric constant, and stability towards high temperature oxidation
processes without undue sacrifices and with improved processability.38,42 The most notable are
polyvinyl fluoride (PVF),34 polychlorotrifluoroethylene (PCTFE),43 and polyvinylidene fluoride
(PVDF).34 PVDF is popular because it is semi-crystalline and polymorphic, that is, it can exist in
39

at least five different crystalline forms, with the -phase being the most common due to its
stability, followed by the - and -phases.44 PVDF also exhibits pyro- and piezoelectric
properties45 and is well-known for use as a dispersion coating for architectural28,29 and other
applications due to its outstanding resistance to heat, wear, oxidation, and weathering.27,34
Perfluorocyclobutyl (PFCB) polyaryl ethers, first introduced by Dow Chemical Co.46 in
the 1990s, are a distinct class of semi-fluorinated polymers with an amorphous structure that
retains many useful properties of commercially available fluoropolymers.42,47 They are
commonly synthesized using aryl (Ar) trifluorovinyl ether (TFVE) monomers, which undergo
free-radical mediated, thermal cyclopolymerization (Figure 2.1) at 150 °C.47–49 The
polymerization process proceeds thermally via step-growth cycloaddition without any initiator or
catalyst and does not form any condensation products.47 In addition, at any point in the
polymerization, linear, branched, or pre-network polymers with aromatic trifluorovinyl terminal
groups can be formed.50 As a result, PFCBs exhibit increased processability by formation of the
stereorandom PFCB ring, flexibility of the tailored aryl ether linkage group, and thermal
stability.42,47 Their versatility, coupled with performance, makes PFCBs attractive for many
practical applications such as electrical insulators, optical elements, laminate materials for
printed circuit board fabrication, and high-performance coating materials for barrier
applications.47,51
Here, we describe the preparation of surface coated metal substrates using three different
PFCB homopolymers (Figure 2.1) and demonstrate their potential as barrier coatings against
corrosion in comparison to PVDF coatings (structure shown in Figure 2.1). To the best of our
knowledge, PFCBs as corrosion resistant coatings have not been reported. The corrosion
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resistance in NaCl solution is evaluated by employing standard electrochemical measurements
including electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization.
2.3
2.3.1

Materials and methods
Materials
Steel coupons (ASTM A366/1008 cold rolled mild steel, OnlineMetals) with dimensions

of 5.1 × 3.8 × 0.1 cm and nominal composition (wt%) of 0.04 S, 0.2 Cu, 0.035 P, 0.6 Mn, 0.08
C, and Fe the remainder, were used as substrates.
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Figure 2.1

Preparation of PFCB polymer via thermal cyclopolymerization of TFVE.

M1, M2, and M3 are the TFVE monomers used in this study and compared with PVDF. PM1,
PM2, and PM3 are the corresponding PFCB coatings.

The TFVE monomers (Figure 2.1), 1,1,1-tris-(4-(trifluorovinyloxy)phenyl)ethane (98%),
4,4’-bis(trifluorovinyloxy)biphenyl (99%), and 2,2-bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3hexafluoropropane (98%), with assigned nomenclatures of M1, M2, and M3, respectively, were
generously provided by Tetramer Technologies, LLC (Pendleton, SC). PVDF powder (average
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Mw ~534,000 by GPC), acetone (HPLC Plus Grade,  99.9%), mesitylene (98%), and N,Ndimethylformamide (DMF, ACS reagent, 99.8%) were all purchased from Sigma-Aldrich. 99%purity grade crystalline NaCl (EMD) was used to prepare 0.5 M NaCl solution. 6 wt% FeCl3 in
0.1 M HCl solution was prepared by dilution of 12.1 N concentrated HCl (Fisher Scientific) with
deionized water (18.0 M cm resistivity) and subsequent dissolution of anhydrous 98%-purity
FeCl3 (Strem Chemicals). All chemicals were used as received.
2.3.2

Preparation of coated metal substrates
The sequential or step-wise preparation of the coatings is illustrated in Figure 2.2a. Prior

to use, the metal substrates were ground with a Metaserv Grinder-Polisher (Buehler) using 240,
400, and 800 SiC paper, followed by washing and sonication in acetone for 10-15 min, and air
drying.

(a)

Mild steel plate Grinding with increasing
5.1 x 3.8 cm
grades of SiC papers

(b)

Sonication and
washing in acetone

Faraday cage

Air drying

Oven

Reference electrode (SCE)
Counter electrode
(Graphite rod)
Potentiostat

PVC
tube
Ground

M1/M2/M3

mesitylene

150 oC
Curing in air (250 oC)

Prepolymerization
PVDF powder

Figure 2.2

DMF

0.75 g/mL

Spin coating

Working electrode
(mild steel)

Electrolyte solution
(0.5 M NaCl solution)

1. Heating in air (150 oC)
2. Drying in air (80 oC)

(a) Scheme for the preparation of coated-metal substrates. (b) Three-electrode cell
set-up enclosed in a Faraday cage

To prepare the TFVE monomer coating solution, M1, M2, and M3 were separately
dissolved in mesitylene at a concentration of 0.75 g mL-1, magnetically stirred for 30 min at 80
°C, and solution advanced by pre-polymerization at 150 °C for 2 h. Drops of the resultant pre42

polymer solutions were made on the polished substrates prior to spinning on a WS-400 Spin
Processor (Laurell Technologies). The spinning process was controlled and programmed
sequentially at 300, 450, and 600 rpm for 15, 30, and 60 s, respectively. The coated substrates
were then heated in air at 160 °C for 1 h to drive off the mesitylene solvent, followed by gradual
curing at 200 and 235 °C for 1 h each, and finally at 250 °C for 8 h. The resulting polymerized
coated samples (PFCB coatings) are named accordingly as PM1, PM2, and PM3.
The preparation of the PVDF coating was done in a similar manner except for the
following: DMF was used as the solvent, there was no pre-polymerization step, and the heating
of the coated sample was accomplished at two successive temperatures: first at 150 °C for 1 h to
evaporate the solvent and second at 80 °C for 24 h final drying.
2.3.3

Characterization and instrumentation
Fourier-transform infrared (FTIR) spectra between 4000 and 500 cm-1 were collected

using a Nicolet iS5 FTIR spectrometer. Each spectrum is an average of 128 scans and has a
nominal resolution of 4 cm-1. A digital caliper (Fowler) was used to measure the coating
thickness. Contact angles (CA) were measured on a contact angle meter (Tantec) via the halfangle measuring technique. Thermograms were acquired via TGA Q50 thermogravimetric
analyzer (TA Instruments) at a ramp rate of 10 °C min-1 using N2 purge gas at a rate of 20 mL
min-1.
Adhesion tests employing a cross-cut configuration were performed in accordance with
ASTM D-3359 for adhesion strength measurement by tape test. Space cuts of 2 mm were made
through the coatings using a blade. After lightly brushing with a soft brush to remove any flakes
or debris, scotch 600 (3M) tape was applied on the cuts with the assistance of an eraser end of a
pencil to guarantee coating contact. After 90 s of the contact time the tape was quickly removed.
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The cut areas were then carefully inspected for coating detachment and rated based on the
ASTM scale.
Electrochemical experiments were performed in a classical three-electrode cell with
saturated calomel electrode (SCE), graphite rod, and the metal substrate as the reference,
counter, and working electrode, respectively. The setup, schematically shown in Figure 2.2b, was
enclosed in a Faraday cage to minimize electrical noise. A 43-mm section of 19 mm diameter
schedule 40 PVC tube was glued to the substrate with clear Silicone II (GE) adhesive to expose
approximately 5 cm2 active surface area to the test solution (0.5 M NaCl). Electrochemical
impedance spectroscopy (EIS) was performed with a Solartron SI 1250 frequency response
analyzer from 100 mHz to 60 kHz using an AC amplitude of 10 mV about the open circuit
potential (OCP). Potentiodynamic scans were done with Solartron Analytical 1470E
potentiostat/galvanostat from –0.25 to +0.25 V vs SCE about the OCP at a scan rate of 0.20 mV
s-1. Multistat software (Scribner Associates), was used to acquire and evaluate the experimental
data. ZView was used to fit impedance data to equivalent circuits, while CView was employed
for Tafel analysis and determination of the corrosion currents (Icorr) and potentials (Ecorr) via
numerical fitting of the acquired Tafel plots to the Butler-Volmer equation.
Scanning electron microscopy (SEM) images were acquired with a JEOL 6500F Field
Emission SEM at 5 kV, while elemental analysis was performed using Xmax 80 energy
dispersive x-ray (EDX) spectroscopy detector (Oxford Instruments) at 15 kV. All samples were
coated with Pt at a thickness of 20 nm prior to SEM/EDX analysis. Force-distance curves were
collected on a Bruker Dimension Icon atomic force microscope (AFM) using the PeakForce
tapping quantitative nanomechanical (QNM) mode.
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Accelerated corrosion test via weight loss was carried out by exposure of the samples to 6
wt% FeCl3 in 0.1 M HCl solution at 40 °C. After 24 h of continuous immersion, the specimens
were rinsed with deionized water and dried under vacuum to constant weight.
2.4

Results and discussion
This study compares three PFCB polymers with PVDF mainly in terms of protective

properties. Two of the PFCB polymers are linear (PM2 and PM3) and one is networked or
crosslinked (PM1).
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2.4.2

FTIR spectroscopy
FTIR spectroscopy (Figure 2.3) was used to confirm successful polymerization of the

coatings. The FTIR spectra for M1, M2, and M3 display peaks for the aromatic rings near 1600
and 1500 cm-1 while C–O and C–F stretching produces the group of peaks between 1300 and
1100 cm-1. The disappearance of the peak for –CF=CF2 at 1834 cm-1 and the rise of the band near
965 cm-1, corresponding to the formation of the hexafluorocyclobutane ring upon curing, confirm
the identity of the PFCB polymer coatings.48,49
The spectrum for the PVDF film is mainly due to the -phase with some - and a small
amount of the -phase.44,52 The -phase shows the following peaks: CF2 bending at 532 and 615
cm-1, CH2 rocking at 795 cm-1, and CF2 symmetrical stretching at 1250 cm-1. The peaks at 510
cm-1 (CF2 bending), 840 cm-1 (CH2 rocking and CF2 asymmetrical stretching), and 1380 cm-1
(CH2 wagging) refer to the -phase, while 871 cm-1 (CF2 symmetrical stretching) refers to the phase. All these peaks are in good agreement with those that are found in the spectrum of raw
PVDF powder.44,52
2.4.3

Visual images of the samples with thickness and CA
Thickness (µm)
CA (O)

(a)

46±3
Uncoated

∽80
93±1

∽80
93±2

∽85
95±1

PM1
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PM3
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1.9 cm

1.9 cm

1.9 cm

(b)

∽90
94±1

PM1

Figure 2.4

PM3
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1.9 cm
PVDF
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(a) Optical images of the uncoated and coated substrates with thickness and CA.
(b) AFM images (1 m scale bar) of the fluoropolymer coatings.
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Photographs of the uncoated and coated substrates, with the corresponding coating
thickness (± standard deviation, n ≥ 3) and contact angle (CA), are shown in Figure 2.4a. PM1 is
a transparent pale grey polymer coating with a slight dark yellow-green shade when thermally
cured in air. PM2 coating exhibits a brown color with an orange hue, while PM3 is a darker
shade. These film coatings are generally amorphous and possess flexibility and ductility when
subject to flexural and tensile stress.47,48 The AFM images in Figure 2.4b, show that the surface
topography of the coatings display outstanding planarization. They are capable of leveling out
substrates, which results in a smoothly textured surface.47 PVDF coating, on the other hand,
shows a white and opaque appearance with brittleness, which indicates its semi-crystallinity.44
Thickness is an essential parameter that can influence the performance of a protective
coating. Properly achieved coating thickness can lead to better barrier property and corrosion
resistance. Many coatings used for industrial, marine, and aircraft engine applications typically
have a thickness of around 125 m,53,54 though extreme applications may require thicker
coatings. Accordingly, our 80–90 m thick PFCB and PVDF coatings are comparable.
Static water contact-angle measurements reveal the surface wetting property of the
samples. Without a protective coating, mild steel is readily wetted due to its high surface energy,
allowing water to spread very easily on the surface. The measured CA of 46  3° is evidence of
this hydrophilic surface. In contrast, larger CAs are produced with an organic coating layer on
the steel surface. For instance, the PFCB- and the PVDF-coated substrates exhibited decreased
wettability with a CA > 90°. This is attributed to the hydrophobicity and low surface energy
characteristics of the fluoropolymers.34,37 A high CA improves the water resistance and minimize
the interaction of water molecules with the coated surface. This adhesive force interaction is

47

lower than the cohesive force between the water molecules such that water tends to cluster and
form aggregates.15 As a result, higher CAs are achieved.
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2.4.4

(a) AFM force-distance curves and (b) optical images of PM1, PM2, PM3 and
PVDF-coated substrates after adhesion test with ASTM ratings.

Force-distance curve analysis
CA measurement is an efficient way to determine the surface energy of various materials;

however, it does not consider the interaction involved at the interface of two different solid
surfaces. AFM force-distance curves are used to assess the non-stick behavior of the coatings. A
standard cantilever tip is brought into contact with the coating surface where an attractive force
is experienced. The adhesive pull force required to withdraw the tip from the surface is
measured;55 a smaller force indicates a more non-stick coating. From the force-distance curves
shown in Figure 2.5a, the measured adhesive forces and standard deviations (n ≥ 3) for the PFCB
coatings are approximately 9.7  1.0, 17.2  1.5, and 10.5  0.7 nN for PM1, PM2, and PM3,
respectively, while 8.5  1.4 nN was obtained for the PVDF coating. Using PVDF as a baseline,
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it is apparent that the PFCBs exhibit satisfactory non-stick behavior. The non-stick surface of
fluoropolymers can be credited to the strength of the C–F bonds, which essentially make them
chemically inert to many materials.34,37 It also preserves the mechanical surface integrity of the
coatings.
2.4.5

Adhesive tape adhesion test
Good adhesion to metal surfaces is a vital property of organic coatings as many other

coating properties, including corrosion resistance, rely on it. To investigate the coating adhesion
on metal surfaces, an ASTM standard adhesion test was employed, which involves the
application of a pressure-sensitive adhesive tape over crossing cuts of the coating. The photos
after removal of the tape, with ASTM ratings, are shown in Figure 2.5b. PM2 and PM3, with
adhesion rating of 5B, showed excellent adhesion to the metal surface such that no coating
detachment was seen, and the cut region is still intact. Almost the same result was observed for
PM1, except for a small coating delamination, which was spotted in one of the edges of the
crossing cuts, thus, resulting to a 4B rating. This may be attributed to the trifunctionality of PM1,
which crosslinks during polymerization47–49 resulting in a more brittle polymer. However, a
lower adhesion rating (i.e. 3B) was observed for PVDF, where several coating detachments were
seen. This agrees with previously reported results56,57 and pretreatment is essential to improve the
adhesion of PVDF to metal surfaces. In general, PFCBs display better adhesion than PVDF,
perhaps owing to the enchainment of aryl ether segments, which can facilitate the interaction
across the coating-metal interface.56
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2.4.6

Thermogravimetric analysis
The thermal stability of the PFCB and PVDF coatings was studied under N2. The

thermograms in Figure 2.6 imply a one-stage weight loss process with an onset temperature of
around 420 °C. In general, the PFCBs degrade thermally via homolytic cleavage of the bond
between oxygen and hexafluorocyclobutane, resulting to the formation of
hexafluorocyclobutene, which, at very high temperatures, opens to hexafluoro-1,3-butadiene.49
Conversely, PVDF exhibits a two-step degradation process.58 The first, at 420 °C, accounts for
most of the weight loss and is associated with scission of C–H and C–F bonds, forming
conjugated systems. The second, at 480 °C, is associated with further degradation of the
conjugated systems, forming aromatic molecules. Overall, the fluoropolymers are thermally
stable up to 400 °C, with PFCBs producing higher char yields than PVDF.

Figure 2.6

Thermograms of PM1, PM2, PM3, and PVDF.
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2.4.7

Open circuit potential (OCP) measurements
Figure 2.7a shows the OCP versus time for 24 h of immersion of the samples in 0.5 M

NaCl solution. After immersion, the OCP values shifted negative with time until a near constant
value was achieved. After 24 h, the OCP values (± standard deviation, n ≥ 3) are –493  7, –280
 10, –391  11, –300  8, and –277  8 mV for the uncoated substrate, PM1, PM2, PM3, and
PVDF, respectively. Note the more positive OCP values of the fluoropolymer-coated substrates
than the uncoated metal.

Figure 2.7

(a) Time-dependent OCP plots (inset: OCP for the last hour) and (b) Bode plots
after 24 h of immersion in NaCl solution.

Inset in Figure 2.7a shows OCP for the last hour. Bode magnitude and phase angle plots are
represented by ○ and ◊, respectively, while fitted data are represented by lines.

Organic coatings are not perfect barriers against corrosive medium. A coating from a
higher density material or a polymer with cross-linked structures usually contains limited paths
for diffusion and, thus, less permeability. This usually results in higher OCP values and higher
resistance to corrosive environments.59 Among the coated samples, PVDF and PM1 had the
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highest OCP values, 200 mV more positive than the uncoated substrate. This can be mainly
credited to the crystalline portion of PVDF, giving a tighter structure15 and the trifunctionality of
PM1, which gives a cross-linked network. In both cases, density is enhanced and water
permeability decreases. Although a shift to more positive values may imply an increase in
coating protection ability, OCP values do not give direct measurement of corrosion properties,
but rather, provide only a thermodynamic snapshot of corrosion vulnerability of the samples.60
Nevertheless, OCP is an important step in any corrosion study as stable samples allow for
acquisition of tangible results during impedance and potentiodynamic measurements.
2.4.8

EIS study
Following the 24 h OCP measurement, EIS measurements were performed to gain better

insights on the electrochemical behavior of the samples. The impedance values and the shape of
the Bode and Nyquist plots provide information on the protective property, robustness of the
coatings, and electrochemical activity at the coating-metal interface.61 The EIS data were
recorded from 60 kHz to 100 mHz with a 10 mV excitation voltage.62 The data were recorded as
the impedance modulus, |Z|, and phase angle  as a function of frequency f.
The Bode magnitude (log |Z| vs. log f) and phase angle ( vs. log f) plots for the uncoated
and coated substrates are displayed in Figure 2.7b. These plots, in general, can be divided into
two distinct regions:63,64 the high frequency region above 1 kHz, which depicts the barrier
performance of the coatings, and low and medium frequency region below 1 kHz, which
indicates the formation of corrosion products due to possible coating damage. The unprotected,
uncoated substrate shows a very low |Z| of 32.8  2.1  cm2 at low frequency. The  plot also
shows one time constant near 10 Hz due to the formation of an oxide layer. Application of the
52

fluoropolymer coatings increases |Z| values. PM2 has a |Z| of 137.3  4.3  cm2 at low frequency
and a time constant at mid frequency, due to its protective barrier property. However, another
time constant at low frequency with  = -40°, indicates delamination of the coating with resulting
corrosion. PM3 displayed better barrier performance than PM2 with a |Z| of 46.8  5.1 k cm2
and a lower  of –21.7° at low frequency, which suggests minimal coating damage. PM1 and
PVDF had much higher |Z| values of 4.5  0.2 and 32.7  0.6 M cm2, respectively, and phase
angles of approximately –90° at high frequency. Moreover, no additional time constant peaks at
low frequency, corresponding to corrosion activity, were detected, which implies superior barrier
property for both PM1 and PVDF.
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Figure 2.8a-d are Nyquist diagrams, which plot the real (Z’) versus the imaginary (Z”)
component. The shape of the plots for the uncoated, PM1-, and PVDF-coated substrates in
Figure 2.8a, c and d is a single depressed semi-circle, indicating a capacitive-resistive
characteristic. The plots for PM2 and PM3 in Figure 2.8 a-b contain two distinct features: a
semi-circle at high frequency, in which the impedance is characterized by the transfer resistance,
and an arc that resembles an incomplete semi-circle at low frequency. Equivalent electrical
circuits (EEC) were used to fit and model the obtained EIS data. A classic Randles circuit model
consisting of a solution resistance (Rs) connected in series with a parallel combination of chargetransfer resistance (Rct) and electrical double layer capacitance (Cdl) was not able to be fit to
these data. It is necessary to modify the model to add electrical elements that account for nonuniform and geometrical effects of the coating or substrate, time constant variations, masstransfer processes, or other deviations.65–67
A constant phase element (CPE) is commonly used to account for non-ideal
capacitance,68 which manifests a flattened semi-circle in the Nyquist plot. Its impedance is given
by ZCPE = Yo-1 (j)-n,68 where Yo is the pseudo-capacitance, j2 = –1,  is the angular frequency =
2f, and n, in which 0  n  1, is an exponential coefficient accounting for non-ideal capacitive
behavior. A Randles model (Figure 2.8) with CPEdl as the double layer capacitance (Model A) is
used to fit the EIS data for the uncoated substrate. The EEC for PM1- and PVDF-coated
substrates also follows the same model but with the elements Rc as the coating resistance and
CPEc as the capacitance characterized by the coating thickness and dielectric constant (Model
B).68 Further analysis suggests that a different EEC model for PM2 and PM3 is needed to
account for the two electrochemical interfaces that exist between the electrolyte solution and the
metal surface. As shown in Figure 2.8, aside from the Rc-CPEc pair, which represents the coating
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interface, the Rct-CPEdl pair describes the process of charge transfer at the coating-metal
interface (Model C).66
Model C has two time constants, which is in good agreement with the Bode phase angle
plots. The values of the electrochemical parameters from the EEC fitting are shown in Table 2.1,
accompanied by low chi-squared (2) values, which indicate satisfactory fittings.
Table 2.1

Electrochemical parameters obtained from impedance data fitting for the uncoated
and coated substrates after 24 h of immersion in NaCl solution
Uncoated

Rs ( cm2)
CPEc :
Yo  106 (-1 cm-2 sn)
n
Rc  10-4 ( cm2)
CPEdl :
Yo  105 (-1 cm-2 sn)
n
Rct  10-3 ( cm2)

2

2.3  0.5
534  12
0.70  0.01
0.0323  0.0003
4  10-3

PM1
174.6  9.6
0.0020  0.0001
0.92  0.01
420.0  6.8
5  10-2

PM2
4.9  0.7

PM3
116.3  10.3

2075  118
0.67  0.01
0.0061  0.0002

0.0071  0.0003
0.96  0.01
1.42  0.01

1118  13
0.97  0.01
0.18  0.01
7  10-3

2.6  0.1
0.51  0.01
78.3  7.3
2  10-3

PVDF
195.9  12.4
0.0026  0.0001
0.96  0.01
3300  25
7  10-3

Rs for the uncoated substrate was 2.3  0.5  cm2, lowest of all the substrates, which
implies the presence of additional ions into the electrolyte solution from oxidation of the metal.
For PM2, a value of 4.9  0.7  cm2 was obtained. PM3, PM1, and PVDF had higher Rs values
of 116.3  10.3, 174.6  9.6, and 195.9  12.4  cm2, respectively, indicating minimal presence
of corrosion-produced metallic ions into the solution. The parallel Rct-CPEdl elements in the EEC
for PM2 and PM3 model the occurrence of electrochemical reactions at the coating-metal
interface. In this case, Rct measures the extent of electron transfer activity across the coatingmetal interface,69 wherein higher Rct values correspond to a lower transfer rate. Relative to the Rct
for the uncoated substrate, the Rct values for PM2 and PM3 (0.18  0.01 and 78.3  7.3 k cm2,
respectively) are moderately high, which implies that the coatings can slow down the corrosion
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rate at the coating-metal interface. Lower CPEdl values also contribute to this effect such that the
distribution of electrical charges is minimized at the interface,68 thereby delaying the formation
and dissolution of hydrophilic corrosion products (e.g. hydrated metal oxides and hydroxides).
Moreover, such performance can be correlated to the Rc values of the PM2 and PM3 coatings
(0.061  0.002 and 14.2  0.1 k cm2, respectively), which can delay the transport of corrosive
electrolytes to the metal surface.
For the same immersion time of 24 h, PM1 and PVDF exhibited only one time constant
and showed no electrochemical activity at the coating-metal interface. They possess higher Rc
(4.20  0.07 and 33.00  0.25 M cm2, respectively) and lower CPEc values than those for PM2
and PM3 implying superior corrosion resistance. Higher Rc and lower CPEc values correspond to
slight or no coating defects and minimal water absorption in the coating.67,68 With PVDF’s closer
structural packing15 and PM1’s cross-linked structure,47–49 porosity of the resulting coatings is
reduced and the exposure of metal substrate to corrosive environment is delayed. This makes it
difficult for water molecules to penetrate and reach the coating-metal interface. Lower Rc and
higher CPEc values, as in the case of PM2 and PM3, correspond to possible coating damage
brought about by excessive absorption of water that may create various conducting channels for
ionic species to infiltrate the coating.
2.4.9

Performance comparison between PM1 and PVDF
The corrosion resistance of PM1 and PVDF coatings can be compared by examination of

the impedance data in the Bode plots. From Figure 2.9a, the higher frequency region of the Bode
magnitude plots for both PM1 and PVDF shows a straight line of slope = –1 and a low
frequency |Z|0.1 Hz more than 106  cm2. These imply that the coatings are mostly intact after 24 h
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of exposure to corrosive medium. Many corrosion resistant coatings may suffer damage at nanoor microscopic levels that will affect their protection performance. The breakpoint frequency (fb),
which is the frequency at  = –45°, is a useful parameter that provides a snapshot of the degree
of coating damage because of water diffusion. It is found that there is a good correlation between
fb and the extent of damaged areas of a coating: lower fb values correspond to less coating
delamination.61,62,67 From Figure 2.9a, the fb of PVDF can be seen at lower frequencies compared
to PM1, implying that PM1 is more damaged than PVDF. However, the high impedance of PM1
and PVDF suggest such damage is superficial and has little effect on their protection
performance.

Figure 2.9

(a) Bode plots of PM1 (green) and PVDF (blue) showing the fb after 24 h of
immersion in NaCl; capacitive and resistive regions of (b) PM1 and (c) PVDF in
the Bode magnitude plots
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The resistive and capacitive sections as noted in the Bode magnitude plot are useful to
assess barrier performance and the extent of water uptake or penetration.70,71 These sections are
determined with the aid of the fb from the Bode phase angle plot, Figure 2.9a. It is apparent that
in Figure 2.9b, the capacitive behavior for PM1 is shifted toward high frequencies, which
implies more electrolyte diffusion through the coating than PVDF (Figure 2.9c). On the other
hand, an increase in the frequency range showing resistive behavior relative to PVDF indicates
that PM1 might have suffered some coating delamination. Permeation and saturation of the
coating with the corrosive solution will also contribute to this effect. Overall, the degrees of
protection offered by both PM1 and PVDF are nearly equivalent as both coatings have reached
the threshold |Z|0.1 Hz of 106  cm2, an impedance value necessary for a coating to exhibit
adequate level of protection against corrosion.72
2.4.10

Potentiodynamic polarization experiment

Figure 2.10

Tafel plots for the uncoated and coated samples after 24 h of immersion in NaCl
solution
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Potentiodynamic polarization experiments were performed after the 24 h OCP
measurement. The resulting Tafel curves are shown in Figure 2.10, in which the logarithm of the
current is plotted against the applied potential. Analysis of the coating performance is made by
determination of Icorr and Ecorr, which are obtained via extrapolation from the Tafel plot. The
protection (or inhibitor) efficiency PE% is a measure of the ability of the coating to reduce
corrosion. PE% = (Icorr,u – Icorr,c)  (Icorr,u)-1  100%, where Icorr,u and Icorr,c refer to the corrosion
current density of the uncoated and fluoropolymer-coated substrates, respectively. The extracted
Tafel parameters and standard deviations (n ≥ 3) are tabulated in Table 2.2.
Table 2.2

Parameters extracted via Tafel plot extrapolation for the uncoated and coated
substrates after 24 h of immersion in NaCl

Icorr (A cm-2)
Ecorr (mV vs. SCE)
Corrosion rate (mm year-1)
PE (%)

Uncoated
159.4  4.5
-501.4  5.3
~1.9
-

PM1
0.59  0.06
-278.8  8.5
~0.0069
~99.6

PM2
30.6  2.8
-372.6  9.2
~0.36
~80.8

PM3
1.4  0.2
-302.3  7.1
~0.017
~99.1

PVDF
0.16  0.04
-261.4  8.2
~0.0019
~99.9

In contrast to the uncoated substrate, the coated substrates display significantly decreased
cathodic and anodic currents. This means that oxidation of metallic Fe is delayed due to the
hydrophobicity and strong barrier effect of the fluoropolymer coatings. Ecorr of the coated
subtrates is also shifted positive (i.e. more passive). This implies that the fluoropolymers act as a
hydrophobic barrier, limiting diffusion of the corrosive electrolyte across the coating-metal
interface. Thus, smaller Icorr values predict lower rates of metal corrosion, while more positive
Ecorr values predict a smaller corrosion tendency.73 PM2 had a more positive Ecorr of –372.6 
9.2 mV than the uncoated substrate and an Icorr value of 30.6  2.8 A cm-2 about five times
lower than that of the uncoated substrate. A PE% of 80.8% is calculated for PM2. PM3, PM1,
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and PVDF displayed more positive Ecorr values of –302.3 7.1, –278.8  8.5, and –261.4  8.2
mV and lower Icorr values of 1.4  0.2, 0.59  0.06, and 0.16  0.04 A cm-2, respectively,
corresponding to very high PE%s of around 99%. These results, which agree well with the EIS
data, demonstrate that the PFCBs can act as effective barrier coatings against corrosion and they
can be as efficient as the commercially known PVDF coating.
2.4.11

SEM/EDX study
Figure 2.11 displays the morphologies and EDX spectra of the samples before and after

24 h of exposure to NaCl solution. Prior to exposure, the uncoated mild steel has a polished
smooth surface. The EDX spectrum showed characteristic peaks associated with the substrate’s
elemental components. The corresponding EDX spectra of coated substrates indicates C and F as
major elemental components with an O peak in the PFCBs from the ether functional group. H is
invisible in EDX and is thus not seen in the spectra.74 The Fe peak is attributed to the high keV
of the beam, which penetrates the coatings and reaches the metal surface. Pt peaks are from the
Pt coating applied to the substrates prior to SEM/EDX analysis to avoid electrical charging.
After 24 h of immersion in NaCl solution, the surface topology and the corresponding
EDX spectrum for the uncoated substrate revealed a layer of corrosion products on the surface. A
change in surface topology is also apparent for PM2, in which the coating appears somewhat
damaged because of water permeation and subsequent electrochemical activity at the coatingmetal interface (as confirmed by the EIS result). On the other hand, PM3 showed no sign of
major damage, except for the presence of some small spots, which may be due to a slight
delamination of the coating interface due to water saturation. These surface changes for PM2
and PM3 can be correlated to a slight decrease of F EDX peaks, which is noticeable in their
60

respective EDX spectra after immersion. Such loss of F can be attributed to oxidation and
hydrolysis processes, wherein loosely bonded F atoms react with water. This phenomenon has
already been observed and studied for fluoropolymer coatings during exposure to a humid
atmosphere and extended water immersion.75–77 PM1 and PVDF showed no major changes in
topology or spectra after immersion. A slight surface texture change, particularly for PVDF, is
noted which may be due to swelling as a consequence of absorption and penetration of water into
the coating.

Before immersion

After immersion

Uncoated

PM1

PM2

PM3

PVDF

Figure 2.11

SEM images of the uncoated- and fluoropolymer-coated substrates with
corresponding EDX spectra before and after 24 h of exposure to NaCl solution
(scale bar: 100 m)
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2.4.12

Accelerated corrosion test
To account for the long-term effect and robustness of the fluoropolymer coatings, an

accelerated corrosion experiment was performed by immersing the coated samples in an
aggressive solution of 6 wt% FeCl3 in 0.1 M HCl at 40 °C. The weight loss (with standard
deviation, n ≥ 3) of the samples after 24 h was determined and the results are presented in Table
2.3. The weight losses are in good agreement with the results obtained from the impedance,
potentiodynamic, and SEM/EDX experiments. A distinguishable weight loss of 6.2 mg cm-2 for
PM2 is consistent with the damage seen in the SEM image (Figure 2.11). Again, such a weight
loss can be ascribed to a phenomenon that mainly involves the hydrolysis of weakly bound F
atoms, which can cause coating damage and layer delamination.75–77 This is a continuous
defluorination process until a steady state is achieved and no further layer delamination takes
place.77
Table 2.3

Weight losses of the uncoated and coated substrates after 24 h immersion in 6 wt%
FeCl3 in 0.1 M HCl solution at 40 °C

Weight loss, mg cm

-2

Uncoated
73.8  1.5

PM1
0.25  0.04

PM2
6.2  1.1

PM3
0.68  0.13

PVDF
0.17  0.06

The presence of more C–F bonded groups makes a more stable fluoropolymer coating.
PM3, for example, possesses enhanced protective properties, as evidenced by its very small
weight loss of 0.68  0.13 mg cm-2, perhaps due to two additional –CF3 groups, which are absent
in PM2. Conversely, proper structural compactness can lead to even more stable fluoropolymer
coatings, as in the case of PM1 and PVDF. The trifunctional PM1 that leads to a cross-linked
polymeric structure and the structural compactness of PVDF can result to a significant decrease
in porosity, which leads to an increase in the path length and reduction of the area available for
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water diffusion. Such a superior barrier property delays the corrosion of the metal and is
evidenced by the very near zero weight losses of PM1 and PVDF.
2.5

Conclusions
The application of PFCB aryl ether polymers as surface coatings has proven to be an

effective approach in protecting mild steel from corrosion. These coatings perform nearly as well
as the commercially established PVDF polymer. Just like any other high-performance organic
coatings, PFCBs can serve as a hydrophobic barrier that prevents direct contact of the metal
surface with the electrolyte solution. Their very high impedance values and protection
efficiencies suggest that they can resist the permeation of water and other aggressive ionic
species into the metal-coating interface, thus lowering the corrosion rate. This corrosion
resistance can be mainly attributed to the presence of very strong C–F bonds, which are primarily
responsible for their hydrophobicity, chemical resistance, and high-stability under harsh
conditions. Having the highest corrosion resistance among the PFCBs tested in this study, PM1
may be useful as a stand-alone polymeric coating for barrier applications. A future investigation,
with extended exposure to corrosive media and accelerated aggressive corrosion testing (e.g.
salt-fog method) will be needed to verify this. PM2 and PM3, on the other hand, with lower
impedance values can function as primers for added protection and enhanced corrosion
resistance of a complete paint matrix. Also, their protective property can be enhanced by
inclusion of nanofillers and additives (e.g. silica, graphene oxide, carbon nanotubes, etc.), which
introduce additional barriers and tortuosity for corrosive media. A big advantage of using PFCB
coatings is the low viscosity of the TFVE monomers, making them easy to process and thermally
cure. Overall, it is anticipated that PFCBs could be useful for other practical applications as they
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also have outstanding mechanical surface and thermal properties, which are nearly equivalent to
that of PVDF.
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CHAPTER III
CORROSION INHIBITION OF MILD STEEL IN ACIDIC MEDIUM BY SIMPLE
AZOLE-BASED AROMATIC COMPOUNDS
This work has been submitted for publication: Caldona, E. B.; Zhang, M.; Liang G.;
Hollis, T. K.; Webster, C. E.; Smith Jr., D. W.; Wipf, D. O. Corrosion inhibition of mild steel in
acidic medium by simple azole-based aromatic compounds. J. Electroanal. Chem. 2020.
3.1

Abstract
Many organic corrosion inhibitors are complex and may include complicated chemical

structures, mixture of different species, or require numerous and tedious preparation steps. In this
study, we demonstrate inhibition by triazole- and imidazole-based compounds, which are
synthesized in a one-step method and possess austere chemical structures. The inhibition effect
was studied on the corrosion of mild steel in 1.0 M HCl solution at 40 C via electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization, and weight loss. Results from
electrochemical measurements showed that the aromatic compounds were effective in inhibiting
corrosion in acidic medium, such that the inhibition efficiency increased with increasing
inhibitor concentration. The triazole-based compound had the best inhibitive performance
(efficiency  90%), followed by the imidazole-based (85%), at a concentration of 850 M.
These results were supported by analyses obtained from scanning electron and atomic force
microscopy, which showed improved mild steel topology and decrease in surface roughness by
up to a factor of five, and x-ray diffraction, which revealed the extent of oxide layer formation.
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In addition, the adsorption of a protective inhibitor layer on the metal surface was confirmed by
Raman spectroscopy, while the underlying mode and mechanism were postulated based on a
Langmuir adsorption isotherm and computational studies, which showed good correlation
N
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Introduction
Mild steel (MS) is one of the most widely used engineering materials owing to its

outstanding mechanical properties, low cost, and ready availability.1,2 Its high vulnerability to
corrosion attack, however, limits some of its applications.2,3 For instance, the use of acidic
solutions during acid pickling, acid descaling, and other industrial acidification processes
induces hydrogen embrittlement, leading to structural damage and severe corrosion.2–4 Hence,
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protecting MS from such corrosive environments is necessary. Many polymeric composites and
fluorinated materials have been used as corrosion protection coatings.5–8 However, the use of
corrosion inhibitors has proven to be one of the most practical and effective means of combating
corrosion in an acidic environment mainly due to their cost-effectiveness and ease of
application.9
Corrosion inhibitors are chemical compounds, which when added in very small quantities
to an aggressive medium effectively slow down the corrosion rate by acting or selectively
retarding the cathodic and/or anodic reactions.9 Their inhibiting property lies in their ability to
adsorb and form a protection barrier across the metal surface.9–11 Inorganic compounds12
containing phosphates, molybdates, nitrates, and chromates have long been known as efficient
corrosion inhibitors that adsorb on the metal surface and form a passivation layer of mono- or
polyatomic oxide film—effectively retarding the oxidation of metals in several aggressive media.
However, many of these compounds, including their derivatives, are toxic and pose serious
environmental and health risks.13 Alternatively, many organic inhibitors are considered nontoxic,
environment-friendly materials. They have been shown to minimize corrosion by adsorbing onto
the metal surface and forming a thin protective layer that blocks active corrosion sites.9–11 This
reduction, however, is strongly dependent on the molecular structure of the organic inhibitor,
particularly its planarity and the overall molecular spatial orientation.14,15  electrons, polar
groups, and heteroatoms with electron lone pairs also play a vital role as they can serve as
reactive sites of the inhibitor molecules during the course of adsorption and interaction with the
metal surface.14,15 Hence, organic compounds that contain combinations of S, O, P, N, aromatic
rings, and multiple bonds have been shown to function effectively as corrosion inhibitors in
acidic solutions.9–11
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Among the widely known commercially available organic inhibitors are
alkenylphenones, acetylenic alcohol derivatives, quaternary ammonium complexes, and aromatic
aldehydes.16,17 Extended use of these compounds, however, may be harmful to the environment
and cause adverse health effects.17 Many well-known drug-based compounds have become ideal
substitutes for commercial toxic corrosion inhibitors in acidic solutions for MS.10,18–22 For
example, 500 M clozapine in 1.0 M HCl solution inhibited MS corrosion at 92.8% efficiency.18
Ketosulfone drug at 200 ppm in HCl solution yielded an efficiency of 83.6%.19 400 ppm
cefalexin20 and 500 ppm streptomycin21 in individual acidic solutions reached efficiencies of
94% and 84.8%, respectively. 300 ppm Modazar was also proven effective and reached 86.9%
inhibition efficiency in HCl solution.22 Their main downside, however, is their costly synthetic
preparation. Also, due to their structural complexity and possible interference of other trace
pharmaceutical components, their exact corrosion inhibition mechanism has yet to be
investigated.10 Natural organic products such as plant, leaf, and fruit peel extracts have also been
developed as green corrosion inhibitors because of their eco-friendliness and nontoxicity.11,23–26
200 ppm Ginkgo leaf extract in HCl solution was shown to inhibit corrosion at 90% efficiency.23
Extracts of Ligularia fischeri24 and Tragia plukenetii25, both at 500 ppm, yielded efficiencies of
66% and 75%, respectively, in acidic solutions. 2 g L−1 Ircinia strobilina extract in acidic
medium was also shown to be efficient at 83.8%.26 Due to the presence of a wide variety of
components in the extract, their major drawback lies in the tediousness of their separation
processes and the lack of their complete phytochemical investigation, in which the identification
of the active ingredients and understanding of the inhibition mechanism remain an issue.11 These
shortcomings explain why research and advancement on corrosion inhibitors is dynamically
explored from a wide range of perspectives, all of which are concerned with developing, not only
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nontoxic and environmentally friendly inhibitors, but also those that require fewer synthetic or
preparation steps, have fewer components, and have less complex chemical structures. Further,
these inhibitors must be inexpensive and effective at concentrations in the M or ppm level, or
lower.
Azole compounds form an important class of corrosion inhibitors that have always drawn
a great deal of interest among researchers.27–32 Azoles are five-membered heterocyclic nitrogencontaining compounds and their derivatives are among the most promising organic corrosion
inhibitors.27,33 The most popularly reported having useful inhibitive properties are derivatives of
pyrazoles, benzimidazoles, benzotriazoles, tetrazoles, oxazoles, and thiazoles27,29,30,32,34. Ouici et
al.29 reported the inhibition of 5-amino-1,3,4-thiadiazole-2-thiol on MS, with 91.5% efficiency at
2 mM concentration in 1.0 M HCl solution. Dutta et al.30 studied the effect of phenyl-substituted
benzimidazole derivatives on corrosion inhibition of MS and efficiencies as high as 93.7% were
achieved in 1.0 M HCl solution. Haque and co-workers31 synthesized 2-amino-3-((4-((S)-2amino-2-carboxyethyl)-1H-imidazol-2-yl)thio)propionic acid and its efficiency as a corrosion
inhibitor for MS at 0.365 mM in HCl solution was reported at 94.1%. Ansari et al.32 also showed
that the presence of 150 mg L−1 pyridyl substituted triazoles in HCl solution inhibits MS
corrosion at 95% efficiency.
Although numerous reports on azole-based compounds as corrosion inhibitors are
available, only a few have considered the difficulty of their synthesis and level of toxicity when
used at high concentrations.27,28,30 In this study, we report the use of one-step-synthesized azolebased compounds–1,2-bis(imidazoyl)benzene, 1,3-bis(imidazoyl)benzene, and 1,3-bis-1,2,4triazoylbenzene (Figure 3.2: 12i, 13i, and 13t, respectively)–as less complex, inexpensive, and
environmentally friendly corrosion inhibiting agents for MS in acidic medium. In general,
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unmodified imidazole and triazole are almost never used as corrosion inhibitors because of their
low surface activity and low heteroatom reactivity.33,35 Herein, we show that a benzene ring with
at least two substituted imidazole or triazole groups can effectively adsorb on MS surface and
display enhanced corrosion inhibition even at very low concentrations. To the best of our
knowledge, these azole-based compounds have not been reported as corrosion inhibitors for MS
in an acidic solution. The corrosion inhibition is examined in HCl as it is among the most
extensively used acids in many acidification processes.3,9 The inhibition properties are evaluated
mainly by potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), and
weight loss, supported by surface imaging, spectroscopic analyses, adsorption study, and
quantum chemical computations.
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3.3
3.3.1

Experimental
Materials
The substrates used were 25  38  1 mm MS sheets (ASTM A366/1008 cold-rolled,

OnlineMetals) with nominal composition (wt%) of 0.04 S, 0.035 P, 0.08 C, 0.2 Cu, 0.6 Mn, and
Fe making up the remainder. A Metaserv Grinder-Polisher (Buehler), with 240, 400, and 800
SiC paper, was used to grind the MS substrates prior to use. HPLC Plus Grade acetone ( 99.9%,
Sigma-Aldrich) was used to wash and degrease the ground substrates via sonication for 10–15
min, followed by air drying.
12i, 13i, 13t and monosubstituted analogues 1,2,4-triazoylbenzene (1t) and
imidazoylbenzene (1i) were prepared according to previous reports.36–38 Synthesis details are
described in the Supplementary Information (Appendix A). Commercially available 1,2,4triazole (t) and imidazole (i) (99%, Alfa-Aesar) were also studied for comparison. The inhibited
test solutions were made by preparing 50, 250, 550, and 850 M inhibitor in 1.0 M HCl solution.
12.1 N HCl (Fisher Scientific) was diluted with 18.0 M cm resistivity deionized water to
prepare 1.0 M HCl solution.
3.3.2

Characterization and instrumentation
All electrochemical experiments were executed in a conventional three-electrode cell

using a saturated calomel electrode (SCE) as reference, a graphite rod as counter, and a MS
substrate as working electrodes. The geometric surface area of the MS and counter electrodes in
solution was 14 and 25 cm2, respectively. The solution was stirred at 350 rpm with a magnetic
stir bar. Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were
carried out using a Solartron Analytical 1470E potentiostat/galvanostat equipped with a
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Solartron SI 1250 frequency analyzer. Immersion in 1.0 M HCl solution at 40 C, with and
without the presence of an inhibitor, was done for 30 min to allow the substrates to freely
corrode and ensure a steady-state open-circuit potential (OCP). EIS measurements were then
performed using a 10 mV AC amplitude about the OCP from 100 mHz to 60 kHz. The resulting
impedance data were fitted to equivalent electrical circuits (EEC) using ZView (Scribner
Associates). Potentiodynamic polarization curves were also obtained by scanning the potential
from –0.25 to +0.25 V versus SCE about the OCP at a rate of 1.0 mV s–1. Corrosion current
densities (Icorr) and potentials (Ecorr) were obtained using CView (Scribner Associates) from
extrapolation of the linear Tafel plots of the cathodic and anodic curves. Measurements at each
concentration were repeated three or more times.
Weight loss measurements of the MS substrates were done in an unstirred 1.0 M HCl
solution at 40 C in the absence and presence of a corrosion inhibitor at 850 M. After
immersion for 12 h, the substrates were carefully rinsed with deionized water and vacuum-dried
to constant weight. After following the same experimental conditions for the electrochemical
measurements, but with a 4-h extended immersion time, scanning electron microscopy (SEM)
and elemental analysis were performed with a JEOL 6500F Field Emission SEM equipped with
an X-max 80 energy-dispersive x-ray (EDX) spectroscopy detector (Oxford Instruments) at 20
kV. Three-dimensional atomic force microscopy (AFM) images were acquired from a Bruker
Dimension Icon atomic force microscope. A Rigaku SmartLab high resolution x-ray
diffractometer, operated at 40 kV and 44 mA, was used to obtain x-ray diffraction (XRD)
patterns from 3 to 90 at a rate of 1 per min. Raman spectra were collected after a 12-h
immersion in an unstirred test solution using a Horiba LabRam HR800 confocal Raman
microscope with a 632 nm laser excitation.
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The adsorption isotherms describing the interaction of the inhibitors with the MS surface
were obtained using the surface coverage values (), which were calculated using the
polarization resistance (Rp) obtained from the EIS fitting at different inhibitor concentrations.
The Gaussian 16 (G16 version A03)39 electronic structure package was used to perform density
functional theory (DFT) computations on the neutral and protonated forms of the inhibitors. Gasphase geometry optimizations and frequency calculations were performed using the B3LYP40–43
functional with the 6-31G(d')44,45 basis set for all atoms. In Gaussian software, the 6-31G(d')
basis set has the exponent of d polarization functions for C, N, O taken from the 6-311G(d) basis
sets, instead of the original arbitrarily assigned exponent of 0.8 used in the 6-31G(d) basis sets.
For H, the 6-31G(d') keyword in Gaussian software utilizes the 6-31G(d) basis sets. The
optimized structures and the frontier molecular orbitals (FMO) were modeled, while the energies
of the lowest unoccupied molecular orbital (ELUMO) and the highest occupied molecular orbital
(EHOMO) were extracted from the output.
3.4
3.4.1

Results and discussion
Potentiodynamic polarization
Figure 3.3a displays the time-dependent OCP plots for 30 min of immersion of the

uninhibited and inhibited MS samples in 1.0 M HCl solution at 40 C. The OCP shifted positive
with time until near constant values (summarized in Table 3.1) are attained. The time taken by
the inhibited samples to reach near stable OCP varied from 600 to 1500 s. The OCP shift to
positive direction with increasing inhibitor concentration is a general indication of formation of a
more stable and protective inhibitor layer on MS surface.26 13t at 850 M concentration
achieved the highest OCP value, nearly 40 mV more positive than the uninhibited system,
followed by 13i and 12i.
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Figure 3.3

(a) OCP and (b) Tafel curves for MS in HCl solution in the absence and presence
of 12i, 13i, and 13t at different concentrations.

Potentiodynamic polarization was performed 30 min after a steady state OCP was
reached. This immersion period was chosen to provide insight on the quickest possible time for
the inhibitors to take effect. Such inhibitor capability is important for practical applications in
acid pickling processes, which have a typical 30-min duration in 1.0 M HCl.46 A scan rate of 1.0
mV s–1, although more rapid than ideal, was chosen to minimize the polarization time and avoid
compromising the integrity of the inhibitor film while still acquiring valid data.23,26,31,32 Thus,
these curves and the resulting data points are used to compare the behavior of the inhibitor
materials. The resulting Tafel curves are shown in Figure 3.3b, while the extracted
electrochemical parameters Icorr, Ecorr, and the anodic (a) and cathodic (c) slopes are given in
Table 1.1. The inhibition efficiency (IE%) was estimated using the Icorr values:

IE%ρ =

𝐼𝑐𝑜𝑟𝑟 𝑢 − 𝐼𝑐𝑜𝑟𝑟 𝑖
× 100 %
𝐼𝑐𝑜𝑟𝑟 𝑢
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(3.1)

where Icorr,u and Icorr,i are the corrosion current density of the MS in the uninhibited (blank HCl
solution with no inhibitor) and inhibited (HCl with an inhibitor) solutions, respectively.
Analysis of the Tafel plots in Figure 3.3b reveals that the azole-based compounds are
able to reduce both the anodic and cathodic current densities and the effect becomes more
prominent at higher concentrations, which shows that the compounds are effective in inhibiting
both the anodic dissolution of metallic Fe and cathodic evolution of hydrogen. The increase in
corrosion inhibition with the inhibitor concentration (Table 3.1) suggests that the azole
compounds worked by adsorption on the MS surface to form a thin layer of protective film.27,33,35
In contrast to the blank HCl solution that yielded an Icorr value of 3433.4 ± 10.0 A cm−2, much
lower Icorr values of 618.0 ± 15.4, 582.3 ± 16.2, and 245.4 ± 7.6 A cm−2 were obtained in the
presence of 850 M of 12i, 13i, and 13t, respectively. The shape of the anodic polarization
curves for 12i and 13i in Figure 3.3b is similar to that acquired in the blank solution and the lines
nearly run parallel to each other. This comparison can also be evidenced by their a values,
which are close to each other. Therefore, adsorbed 12i and 13i molecules do not appear to
modify the Fe oxidation mechanism, but are able to block active corrosion sites due to their low
Icorr values.23,32 However, a separate investigation of the effect of temperature will be needed to
verify this presumption. It is noteworthy that the cathodic branches of 13t also give rise to almost
parallel lines. This observation implies that the presence of 13t does not change the hydrogen
evolution mechanism and the H+ ion reduction on the MS surface follows a charge transfer
mechanism.32,33 The anodic polarization curves for 13t implied good inhibition effect between
Ecorr and −80 mV due to the formation of an adsorbed inhibitor film. Potentials higher than −80
mV show that the anodic curves changed course and coincided with that of the blank solution.28
This effect may have been caused by a slight dissolution of Fe, which led to the desorption of the
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adsorbed 13t molecules from the metal surface. At this stage, the desorption potential, the
inhibitor desorption rate is higher than its adsorption rate.34
Table 3.1

Tafel parameters and OCP values for MS in uninhibited and inhibited HCl
solution.
a

Blank
13t
50 M
250 M
550 M
850 M
13i
50 M
250 M
550 M
850 M
12i
50 M
250 M
550 M
850 M

mV decade−1

–c
mV decade−1

Icorr
A cm−2

57.6  1.2

148.4  2.9

32.7  0.9
31.7  0.5
38.7  1.3
35.5  1.6

OCP
mV vs. SCE

IE%

3433.4  10.0

–Ecorr
mV vs.
SCE
187.7  1.8

–212.6  7.3

–

152.9  1.5
162.0  1.6
163.4  1.1
173.1  2.2

808.3  5.9
492.2  9.6
349.4  8.9
245.4  7.6

173.4  1.0
169.5  0.7
176.6  1.6
168.9  3.0

–196.3  5.8
–184.5  0.5
–181.3  1.7
–175.5  4.6

76.5
85.7
89.8
92.9

42.5  2.0
47.7  1.2
49.5  1.8
50.7  1.7

111.3  3.7
110.0  2.3
106.2  4.2
119.9  1.3

1085.3  23.3
908.3  21.7
713.2  24.3
582.3  16.2

183.4  1.2
191.6  0.8
194.2  1.4
194.7  1.4

–208.6  3.6
–202.8  1.2
–199.0  5.2
–195.9  2.6

68.4
73.5
79.2
83.0

40.2  1.4
35.1  2.6
39.9  2.0
39.0  0.8

110.7  0.9
104.4  4.2
104.6  4.0
116.3  3.2

1281.5  28.8
975.6  14.6
782.8  13.5
618.0  15.4

176.1  2.4
184.2  1.7
188.1  0.9
182.2  0.7

–209.4  2.4
–204.5  1.7
–200.0  2.1
–198.4  1.1

62.7
71.6
77.2
82.0

Relative to the Ecorr of the blank solution, no significant shift in the Ecorr of the inhibitors
was observed in Table 3.1. Note that Ecorr, in general, is not equal to OCP as the former is
measured through polarization technique, which introduces small current disturbances, while the
latter is measured in the absence of polarization at zero net current. For all concentrations, the
shift in the Ecorr was smaller than ±85 mV, indicating that the 12i, 13i, and 13t inhibitors can be
classified as mixed-type,29–32 which simultaneously reduce the rate of both cathodic and anodic
reactions. The larger positive shift in the Ecorr values of 13t indicates its slight anodic inhibition
character or smaller metal dissolution tendency.30,47 Non-logarithmic current-potential curves are
shown in Figure A.2 to better illuminate the onset potential for hydrogen evolution reaction
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(HER) in all solutions. Compared to an onset potential of –203 mV for the blank solution, more
negative onset HER potentials were exhibited by the inhibited solutions. In particular, onset
potentials of –296, –304, and –380 mV for 850 M of 12i, 13i, and 13t, respectively, were
observed. These results indicate that the entry of hydrogen into the MS surface is hindered by the
adsorptive layer formed by the inhibitors on the metal surface. Such phenomenon helps minimize
the occurrence of hydrogen embrittlement.4 In organic-inhibitor-containing acid solutions, the
first step involves the exchange of the adsorbed water molecules on the metal by the inhibitor. In
the succeeding steps, the N atoms and the  electrons of the azole and benzene rings,
respectively, facilitate the interaction of Fe2+, formed during the Fe dissolution, with the
adsorbed 13t molecules, generating the Fe(II)−13t complexes that adsorb on the metal surface,
and thus, decrease the dissolution rate of MS in HCl solution.32,33
The symmetry of the cathodic and anodic curves in terms of their energy barrier can be
explained by considering the Tafel slopes, c and a. The larger their values, the better the
inhibition properties.30,32 From Table 3.1, it can be seen that the values of c were higher in the
presence of 13t inhibitor. This observation implies that 13t influences the reaction kinetics of the
hydrogen evolution by increasing the energy barrier for H+ discharge, which results in a smaller
accessible surface area for H+ and leads to reduced H2 gas evolution. This phenomenon decreases
the rate of hydrogen evolution, while the actual mechanism of the reaction is unchanged.30,32
Thus, 13t, with the highest IE% of 92.9% at a concentration of 850 M, showed better
corrosion inhibition than 12i and 13i. The OCP and Tafel plots for 1t, 1i, t, and i, and their
extracted electrochemical parameters at a concentration of 850 M in 1.0 M HCl solution, were
also obtained and are shown in Figure A.3 and Table A.1, respectively, in Appendix A for
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comparison purposes. It can be seen that these inhibitors displayed lower IE% than any of the
12i, 13i, and 13t inhibitors due to either deficiency in N atoms or lack of a benzene ring, which
helps promote stability and electron delocalization within the molecule.30

Figure 3.4

Nyquist plots and the corresponding equivalent circuit model for MS in HCl
solution in the absence and presence of 12i, 13i, and 13t at different
concentrations.

Fitted data are shown by solid lines.
3.4.2

EIS study
Impedance measurements were also used in electrochemical investigation of the

corrosion inhibition of the azole-based compounds. EIS data were acquired over the frequency
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range of 100 mHz to 60 kHz at an excitation signal of 10 mV. The Nyquist diagram plots the real
impedance Z’ versus the imaginary Z”. The Bode plots shows the impedance modulus |Z| and
phase angle  on separate ordinates versus the frequency f in logarithmic scale along the
abscissa. The Nyquist plots for MS in the absence and presence of 12i, 13i, and 13t at different
concentrations are shown in Figure 3.4. It can be seen that the changes in impedance response of
MS were more pronounced with the addition of increasing concentrations of the inhibitors. This
observation is evidenced by the growing diameter of the semicircles, which show a capacitiveresistive behavior with a charge transfer resistance. These semicircles were slightly depressed
due to the nonuniformity of the MS surface and adsorptive behavior of the inhibitors.48
Table 3.2

EIS parameters from data fitting for uninhibited and inhibited MS in HCl solution.

Blank
13t
50 M
250 M
550 M
850 M
13i
50 M
250 M
550 M
850 M
12i
50 M
250 M
550 M
850 M



Rp
 cm2
4.7  0.1

Yo  104
−1 cm−2 sn
30.7  3.0

n
0.810  0.005

Cdl
µF cm−2
1138.2

ms
5.4

0.020

IE%
–

23.8  0.2
32.5  0.3
43.1  0.3
53.2  0.5

16.5  0.3
15.3  0.3
11.4  0.2
8.8  0.2

0.828  0.002
0.819  0.003
0.827  0.002
0.832  0.003

844.8
788.3
604.2
471.4

20.1
25.6
26.0
25.1

0.003
0.004
0.003
0.004

79.9
85.3
88.9
91.0

16.9  0.1
23.4  0.2
29.0  0.2
34.2  0.2

18.4  0.3
17.0  0.4
15.3  0.3
13.9  0.2

0.846  0.002
0.819  0.003
0.831  0.002
0.835  0.002

979.1
836.4
813.3
763.1

16.6
19.6
23.6
26.1

0.003
0.004
0.003
0.001

71.8
79.6
83.5
86.0

15.3  0.3
20.6  0.1
27.6  0.2
31.7  0.2

19.8  0.9
19.7  0.4
17.9  0.3
17.3  0.3

0.864  0.007
0.847  0.002
0.825  0.002
0.821  0.002

1141.1
1105.3
945.2
917.8

17.5
22.8
26.1
29.1

0.010
0.003
0.003
0.002

68.8
76.8
82.7
84.9

2

The EIS parameters presented in Table 3.2 were extracted by fitting and modeling the
acquired impedance spectra into an equivalent electrical circuit (EEC) with one time constant.
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Also shown in Figure 3.4 is the simplified Randles circuit model with a solution resistance (Rs)
in series with a parallel combination of constant phase element (CPE) and polarization resistance
(Rp), where Rp is the sum of the resistances due to charge transfer (Rct) and film (Rf) formation by
the inhibitor on the MS surface,48 that is:

𝑅𝑝 = 𝑅𝑐𝑡 + 𝑅𝑓

(3.2)

The CPE describes the non-ideal capacitive behavior of MS in the acidic solution and the
adsorbed ions in the electrical double layer.48 It is characterized by an impedance represented as:

𝑍CPE = 𝑌o−1 (𝑗𝜔)−n

(3.3)

where Yo is the CPE constant, j2 = –1,  = 2f (angular frequency), and n, ranging from 0 to 1,
determines the phase shift and accounts for non-ideal capacitive response.49 The double layer
capacitance (Cdl) is given by the Hsu and Mansfeld49 equation as:

𝐶dl =

1
1−𝑛 𝑛
(𝑌o 𝑅p )

(3.4)

while the relaxation time constant (), which measures the time taken for a charge-transfer
process to attain equilibrium after an applied perturbation,48 is represented by:

𝜏 = 𝑅p 𝐶dl

The inhibition efficiency based on impedance measurements (IE%) is expressed by:
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(3.5)

IE%Ζ =

𝑅𝑝 𝑖 − 𝑅𝑝 𝑢
× 100%
𝑅𝑝 𝑖

(3.6)

where Rp,u and Rp,i refer to the polarization resistance of MS in the uninhibited and inhibited
acidic solutions, respectively.
Satisfactory fits to the EEC model was obtained for all impedance spectra, as indicated
by the low chi-squared (2) values in Table 3.2. It can be seen that the Rp was higher in the
inhibited solutions than in the blank solution and the values increased with increasing inhibitor
concentration. 13t had the highest Rp of 53.2  0.5  cm2 at 850 M, which was tenfold that of
the blank solution. 13t was followed by 13i and 12i with Rp values of 34.2  0.2 and 31.7  0.2
 cm2 at 850 M, respectively. This result suggests that the azole-based inhibitors adsorbed on
the MS surface and formed a protective insulating layer that increased the Rct at the metalsolution interface, thus, resulting in a slower corroding system.33,35 Likewise, a corresponding
decrease in the Cdl values was observed in the inhibited solutions. From a Cdl of 1138.2 F cm−2
for the blank solution, the values were reduced to 917.8, 763.1, and 471.4 F cm−2 for 850 M of
12i, 13i, and 13t, respectively, representing a decrease in the local dielectric constant or an
increase in inhibitor film thickness on the metal surface.50 The double layer at the metal-solution
interface can be viewed as an electrical capacitor. Its electrical capacity can be decreased when
inhibitor molecules (with low dielectric constants) adsorb on the metal surface and displace
adsorbed water molecules and other ionic species (with higher dielectric constants).50 As a result,
reduced Cdl values imply the presence of an inhibitor film on the metal surface.49,50 The  values
in the inhibited solutions were also smaller, which means that the inhibitor discharge velocity at
the interface during adsorption was faster.48 Compared to those of 13i and 12i, 13t had a smaller
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 of 25.1 ms at 850 M. The slight increase in the values of n was also noticeable in the inhibited
solutions, suggesting some improvement in metal surface homogeneities and smoothness,49 due
to the adsorption of the inhibitors.

Figure 3.5

Bode magnitude and phase angle plots, represented by open circles and diamonds,
respectively, for MS in HCl solution in the absence and presence of 12i, 13i, and
13t at different concentrations.

Fitted data are shown by solid lines.

The Bode magnitude and phase ( ) plots (Figure 3.5) illustrate that the high frequency
region, where the values of log |Z| and  fall to zero, describes the resistive behavior of MS due
to Rs.48 In the low frequency region, where  approaches zero, |Z|  Rp, and the impedance
becomes independent of f. The non-ideal capacitive behavior can be explained by the medium
frequency region,48,49 where log f and log |Z| develop a linear relationship, with slope of nearly
−1 and   90. Again, such non-ideality is manifested by the flattened semicircles in the
Nyquist plots,49 where n  1. The single maximum peak shown by the Bode  plots (Figure 3.5)
confirms that the one-time-constant EEC model used to fit the EIS data was appropriate. It also
indicates that the uninhibited and inhibited systems involved one relaxation, charge-transfer
process at the metal-solution interface and the inhibitive effect of the azole-based compounds
88

was mainly polarization resistance controlled.33,35 In the inhibited solutions, the higher max
peaks can be correlated to slower rates of metal dissolution.29,32 The broadening of the maximum
peaks with increasing inhibitor concentration reflects the degree of formation of a protective
inhibitor layer,29,31,32 with 13t representing the broadest and highest max peak at 850 M. The |Z|
at 0.1 Hz in the Bode magnitude plots can also be used to evaluate the protection performance
and integrity of the inhibitor films.48 The increasing |Z|0.1 Hz values with inhibitor concentration
account for the increasing strength of the inhibitive action, with 13t exhibiting higher |Z|0.1 Hz
than those for 13i and 12i. The inhibitive performance in terms of IE% in Table 3.2 follows the
order of 13t  13i  12i and a good correlation with the IE% was obtained. In industrial
applications, an effect greater than 87% is required for acid pickling.9,46 Accordingly, 13t, at a
concentration of 850 M in 1.0 M HCl solution, achieved an IE%  90%, showing that very low
concentrations of 13t can provide adequate level of corrosion inhibition for MS in an acidic
solution. In addition, its maximum inhibition efficiency is nearly equivalent to other azole
derivatives reported in the literature.29–32 The relevant impedance spectra and parameters for 1t,
1i, t, and i can be found in Figure A.4 and Table A.2 in Appendix A.
3.4.3

Weight loss measurements
Weight loss is a straightforward experiment that provides more physical and perceptible

information for the evaluation of inhibitive performance. MS samples were immersed for 12 h in
1.0 M HCl solution to acquire information associated with long-term performance and effects of
the inhibitors. The weight loss obtained for the MS substrates and the corresponding inhibition
efficiency (IE%WL) is calculated as:
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IE%WL =

𝑊𝑢 − 𝑊𝑖
× 100%
𝑊𝑢

(3.7)

where Wu and Wi are the weight losses of MS in the uninhibited and inhibited solutions,
respectively, are summarized in Table 3.3. An inhibitor concentration of 850 M was used for all
compounds.
Table 3.3

Weight loss data for MS after 12 h of immersion at 40 C in the absence and
presence of different azole inhibitors at 850 M in 1.0 M HCl solution.
Blank
i
t
1i
1t
12i
13i
13t

Weight loss (mg cm−2) IEWL (%)
–
6.32  0.26
4.69  0.17
25.7
2.92  0.10
53.8
2.71  0.13
57.1
1.91  0.25
69.8
1.61  0.16
74.6
1.29  0.12
79.6
0.60  0.08
90.5

Results showed that 13t had the lowest weight loss of 0.60  0.08 mg cm−2, which
corresponded to a high IE%WL of 90.5%. This inhibitor was then followed by 13i and 12i with
IE%WL of 79.6% and 74.6%, respectively. A holistic analysis can be done by also including
the IE%WL of 1t, 1i, t, and i. In their unmodified form, t and i had the lowest IE%WL and were
ineffective due to their insufficient surface activity caused by their high solubility in water and
low heteroatom reactivity.33,35 On the other hand, 1t and 1i can better function as inhibitors due
to the presence of an electron-donating phenyl group, which helps increase the electron density
on the N heteroatoms and lower the solvation free energy.14,15 This ability hinders the inhibitor
dissociation and promotes enhanced adsorption on the metal surface. Furthermore, an additional
N-heterocyclic ring on each 13t, 13i, and 12i inhibitor results in an improved shifting of electron
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density from the N atoms to the surface Fe atoms to achieve a stronger adsorption and better
corrosion inhibition.33 It has to be noted, however, that the inhibition efficiencies based on
weight loss in Table 3.3 were not the same as those obtained from electrochemical experiments
(Tables 3.1 and 3.2) as the former provides average corrosion rates, while the latter gives
instantaneous rates.27 13t was an exception, however, as its IE%WL was relatively close to both
IE and IE%. This result, as supplemented by its Raman spectrum in Figure 3.8a, showing
evidence of an adsorptive inhibitor layer after the same immersion time, suggests that 13t can
still be very efficient for up to 12 h. Nevertheless, the inhibition trend obtained from weight loss
was in good agreement with the electrochemical results. To streamline our discussion, we
considered 13t, 13i, and 12i, the top-performing inhibitors, to proceed with detailed investigation
throughout our study.
3.4.4

XRD
XRD was done to detect the presence of corrosion products on the metal surface. As

shown in Figure 3.6, all MS substrates produced three signature diffraction peaks for metallic Fe
near 45, 65, and 82, which correspond to (110), (200), and (211) facets,51 respectively. While
a small diffraction peak near 35 was seen for the uninhibited MS sample, corresponding to Fe
oxidation and corrosion products52 such as Fe2O3, FeOOH, and FeCl3. This same peak was also
present in the 13i-inhibited MS but vanished in the presence of 13t. A higher peak intensity for
Fe(110) near 45 was observed for 13t relative to the uninhibited and 13i-inhibited MS. This
result supports the formation of a protective film and a higher level of corrosion inhibition53 in
the presence of 13t.
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Figure 3.6

3.4.5

XRD patterns for polished and 4-h-exposed MS samples to uninhibited and
inhibited 1.0 M HCl solutions at 40 C.

AFM study
AFM analysis was performed to investigate on a micro- and nanoscale the topographical

feature and roughness of MS surfaces in the absence and presence of 850 M inhibitor in HCl
solution. Figure 3.7 shows the three-dimensional images and root-mean-square roughness (Rq)
values of MS surface in its polished form before and after a 4-h immersion. It is evident that the
surface of the polished MS, prior to immersion, was moderately smooth with distinct abrading
pattern and scratches, and a low Rq of 24.1 nm. After exposure to the uninhibited acidic
solution, the MS surface became extremely damaged with pits and deep holes and an increased
Rq of 196 nm was observed. With the presence of 13i, the surface topography showed
improvement but with a slightly lower Rq of 160 nm. This small drop in Rq is an indication of
minor inhibition with some mild corrosion. This observation for 13i was in good agreement with
its XRD pattern. However, in the presence of 13t, a significantly enhanced topography was
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achieved, giving an Rq value of 43.2 nm, only twice that of the polished MS before immersion,
Such improved surface smoothness can be attributed to the presence of a thin adsorptive layer of
13t, which retards corrosion by isolating the metal surface from the aggressive environment.

Rq ～ 24.1 nm

Polished MS

Figure 3.7

3.4.6

Rq ～ 196 nm

Uninhibited MS

Rq ～ 160 nm

13i-inhibited MS

Rq ～ 43.2 nm

13t-inhibited MS

Three-dimensional AFM (with Rq values) and SEM images for polished and 4-hexposed MS samples to uninhibited and inhibited 1.0 M HCl solutions at 40 C.

SEM/EDX
In addition to AFM, the MS samples were also evaluated by SEM and EDX and the

resulting morphologies and spectra before and after 4 h of exposure to uninhibited and inhibited
HCl solutions are shown in Figure 3.7 and A.5, respectively. Prior to immersion, the morphology
of MS showed a clean smooth surface and scratches due to polishing. The corresponding EDX
spectrum showed signature elemental peaks associated with the composition of the metal. Pt
peaks are due to the Pt coating applied to the MS surface prior to analysis to prevent electrical
charging. The morphology of MS after immersion in the uninhibited solution showed cracks and
pits, which are indications of a highly damaged surface due to acid corrosion attack. This
damage is evidenced by the appearance of signal for O in the EDX spectrum, which confirms the
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formation of iron oxides. On the other hand, the morphology of the MS surfaces was improved
by the addition of 13t and 13i such that the abrading scratches were still noticeable even after 4 h
of immersion. The corresponding EDX spectra also displayed a decrease in O and Fe peaks,
which implies that the inhibitors were able to decelerate corrosion. It is noteworthy that O peak
was absent in the EDX spectrum for 13t-inhibited MS, which suggests that the inhibitor was
effective in preventing electrochemical oxidation. Note that an N peak was not seen in the EDX
spectra of the inhibited samples as the presence of C and its high mass absorption coefficient in
its X-ray line induce a detection inefficiency for N.54 As a result, many commonly designed
EDX detectors produce very weak or no response for N and the detection can be often unreliable.
Hence, the need for Raman spectroscopy to confirm the presence of an inhibitor film on the MS
surface.
3.4.7

Raman spectroscopy
The Raman spectra shown in Figure 3.8a were recorded to confirm the interaction of 13t

with the metal and its film formation on the surface. The Raman spectrum for 13t in its
powdered form showed the following bands:55 in plane triazole trigonal breathing near 1000
cm−1, N–N and C–N stretching at 1146 cm−1, C–H in plane bonding near 1285 cm−1, triazole ring
stretching (N=N) modes between 1375 and 1425 cm−1 and at 1520 cm−1, and benzene ring
stretching near 1600 cm−1. In the spectrum for MS surface exposed to 13t-inhibited solution, the
bands near 1000 cm−1 redshifted to 975 cm−1 and became a single broad band, while the small
peak at 1146 cm−1 disappeared. These changes may be attributed to the Fe–N coordination
during the interaction of 13t with the Fe surface via adsorption.56,57 The decrease in peak
intensity between 1375 and 1425 cm−1 and at 1520 cm−1 indicates that the triazoles may be very
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close to the MS surface and may have coordinated with Fe through the two sp2 N atoms to form
a compact protective film.56,57
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(a) Raman spectra for 13t solid and MS samples after 12 h of immersion in
uninhibited and 13t-inhibited 1.0 M HCl solutions at 40 C. (b) Langmuir isotherm
plots for the adsorption of 13t, 13i, and 12i on MS surface.

Adsorption study
The efficiency of the inhibitors primarily depends on their ability to adsorb on the metal

surface. It is, therefore, important to know the adsorption mode and isotherm, which can provide
insights on the interaction of the azole-based molecules with the MS surface. Different isotherm
models were tested and the best straight line fit was obtained by Langmuir isotherm,58 which
shows the correlation between the inhibitor concentration Ci and surface coverage 𝛩 by the
following equation:

𝐶𝑖
1
=
+ 𝐶𝑖
𝛩 𝐾𝑎𝑑𝑠
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(3.8)

where Kads refers to the equilibrium adsorption constant, while 𝛩 is calculated using the Rp
values obtained from EIS:

𝛩=

𝑅𝑝 𝑖 − 𝑅𝑝 𝑢
𝑅𝑝 𝑖

(3.9)

From Figure 3.8b, straight line fits were obtained for 13t, 13i, and 12i for the plot Ci/𝛩 versus Ci.
The values for Kads can be determined from the Ci/𝛩 intercept. Kads can also be correlated to
°
∆𝐺𝑎𝑑𝑠
, which refers to the standard Gibbs free energy of adsorption:59

°
∆𝐺𝑎𝑑𝑠
= −𝑅𝑇 ln(55.55𝐾𝑎𝑑𝑠 )

(3.10)

where R and T refer to the gas constant and absolute temperature, respectively, while the value
55.55 is the molar concentration of water in the solution. The values for the adsorption
parameters are summarized in Table 3.4.
Table 3.4

Adsorption parameters in the presence of 13t, 13i, and 12i on MS surface.
Kads (M−1)
R2
Slope
ΔG°ads(kJ mol−1)

13t
61850
0.9996
1.09
–39.16

13i
44640
0.9995
1.15
–38.31

12i
36180
0.9993
1.16
–37.77

The strong correlation, in which R2  0.99, confirms that the inhibitor adsorption on the
MS surface obeyed the Langmuir isotherm. This isotherm, which has been widely used in many
corrosion inhibition studies,18,27,30,32,34 assumes that each inhibitor molecule occupies only one
adsorption site and the adsorbed species do not interact with each other.58 A slight slope increase
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from unity also confirms the interaction between the inhibitor molecules and Fe.18,30,32 Higher
Kads value for 13t corresponds to enhanced adsorption and better inhibitive effect34 than 13i and
°
12i, which had lower Kads values. ∆𝐺𝑎𝑑𝑠
, which is a thermodynamic representation of Kads,
°
indicates the stability of inhibitor film formed on MS surface. The negative ∆𝐺𝑎𝑑𝑠
values imply

that the adsorbed inhibitor layer exists at a lower free energy or more stable form compared to its
°
°
pre-adsorption form.32,34 In general, ∆𝐺𝑎𝑑𝑠
 –20 kJ mol−1 describes physisorption, while ∆𝐺𝑎𝑑𝑠
°
 –40 kJ mol−1 depicts chemisorption. Since the calculated ∆𝐺𝑎𝑑𝑠
values ranged from –37 to –39

kJ mol−1, slightly less negative than –40 kJ mol−1, the adsorption of the azole-based inhibitors is
ascribed as primarily chemisorption with a minor amount of physisorption.32 Upon exposure to
HCl solution, MS is oxidized to give a positively charged surface, on which Cl− ions from HCl
can pre-adsorb. The azole-based inhibitors are protonated in acid solution and subsequently
experience electrostatic attraction with the pre-adsorbed Cl− ions (physical adsorption). This
phenomenon brings the inhibitor molecules closer to the MS surface where charge transfer can
begin, while Cl− ions on the surface are gradually replaced as the protonated inhibitor molecules
return to their neutral form. During this process, the electron lone pairs of N and the  electrons
of −C=N and benzene ring promote chemical adsorption by transferring electrons to the
unoccupied d-orbitals of Fe.27,28,33 To relieve the buildup of negative charge on Fe, a retrodonation may occur, where electrons from the d-orbitals of Fe transfer back to the antibonding
orbitals of the inhibitor molecules.27,28,32 This activity further strengthens the inhibitor adsorption
onto the metal surface. Thus, the entire inhibitor adsorption process may be viewed as a two-way
mechanism initiated by physisorption and followed by chemisorption.
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The Helmholtz model,60 can be used to describe the relationship between Cdl, electrode
surface area (S), and film thickness (d):

𝐶dl =

𝜀°𝜀𝑆
𝑑

(3.11)

where  and  refer to the permittivity of air and local dielectric constant, respectively. The
presence of an adsorptive inhibitor layer decreases the Cdl and electroactive area of MS surface
exposed to acidic solution. This observation can be corroborated by determining the relative
electroactive area (REA):

REA = 1 − 𝛩

(3.12)

and plotting the resulting values against Cdl, where a linear correlation between the two
parameters can be observed for 12i, 13i, and 13t (Figure A.6a). This relationship shows that /d
is constant, suggesting the adsorption of inhibitor monolayer, and the Cdl values are related to the
uninhibited (or electroactive) areas of MS surface.26 In addition, linear extrapolation in Figure
A.6a shows that Cdl approaches that of the blank solution when REA  1 (i.e. absence of
corrosion inhibitor). The same correlation also exists between Rp and REA in Figure A.6b, where
the decrease in electroactive area is associated with inhibitor film formation, which reduces
intrusion of aggressive species into the MS surface. Similarly, as REA approaches 1 in Figure
A.6b, Rp approaches the value experimentally determined in the blank solution, which, in
principle, is purely Rct, owing to the absence of adsorbed inhibitor film on MS surface (i.e. Rf =
0). Furthermore, when the Rp values are normalized by the REA, linear extrapolation of the plots
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in Figure A.6c intercepts the ordinates at values close to the Rp of the uninhibited system. This
result indicates that the inhibitors block the active sites by forming an adsorptive layer on the MS
surface.26
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Figure 3.9

Optimized structures and FMOs of neutral and di-protonated 13t, 13i, and 12i.

Color code: blue, N; red, O; gray, C; white, H.
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3.4.9

DFT computations
DFT computations were performed to study the electronic and structural properties of the

inhibitors and establish their correlation with inhibition efficiencies. The optimized structures for
neutral and di-protonated 13t, 13i, and 12i, alongside their HOMO and LUMO are displayed in
Figure 3.9. The optimized geometry for both neutral and protonated 13t revealed a more planar
orientation compared to those for 13i and 12i. This planarity results in a higher surface coverage
for 13t and enhanced adsorption efficiency. The same geometrical feature can be used to explain
the improved corrosion inhibition of 13i over 12i, in which the imidazoles are at the meta
position in the former, while at the ortho position in the latter. The LUMO and HOMO density
distribution are also useful in identifying the reactive sites responsible for inhibitor adsorption on
the metal surface.14,32 For instance, the HOMO distribution for neutral 13i and 12i indicates that
the imidazole rings are more accountable for donating electrons to Fe atoms, while their LUMO
shows greater tendency for the benzene ring to accept electrons. For both the LUMO and HOMO
of neutral 13t, however, the electron density is almost evenly distributed throughout the
molecular surface. This uniformity provides greater directionality and flexibility for 13t to accept
and donate electrons during its interaction with the metal surface.
To gain better insight into the adsorption and inhibition mechanism, the energy values
and other intrinsic quantum chemical parameters of the azole-based inhibitors were obtained by
DFT computations and the results are tabulated in Table 3.5. For both neutral and protonated
forms, the trend for ELUMO, followed the sequence of 13t  13i  12i, suggesting that the
efficiency of 13t can be explained by its better potential to accept electrons from Fe atoms during
retro-donation. The EHOMO values, on the other hand, show that 13i and 12i are more disposed to
donate electrons to Fe atoms compared to 13t. However, the trend for EHOMO did not follow the
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observed order for IE% obtained from electrochemical measurements, implying no correlation
between EHOMO and inhibitive strengths. It is noteworthy that the more negative EHOMO and
ELUMO values for protonated inhibitors suggest less electron-donating capability and higher
electron-accepting performance,14 respectively, than the neutral forms.
Table 3.5

Quantum chemical parameters obtained from DFT calculations for the azole-based
inhibitors in their neutral and protonated forms.

Neutral
13t
13i
EHOMO
–6.727
–6.326
ELUMO
–1.422
–1.106
5.305
5.220
ΔE
EN
4.075
3.716
2.653
2.610
η
0.141
0.211
ΔN
Note: All values are in eV.

12i
–6.182
–1.096
5.086
3.639
2.543
0.232

13t
–21.384
–16.680
4.704
19.032
2.352
–3.021

Protonated
13i
–14.075
–8.076
5.999
11.076
3.000
–1.043

12i
–14.235
–8.305
5.930
11.270
2.965
–1.088

The energy gap (𝛥E) is an essential parameter that describes the reactivity and
adsorptivity of the inhibitor molecules:

Δ𝐸 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂

(3.13)

The energy separation between LUMO and HOMO is an important factor in determining the
degree of interaction between frontier molecular orbitals (FMO), that is, a smaller gap (ΔE)
between ELUMO and EHOMO, increases the likelihood of a molecule to simultaneously donate and
accept electrons.14 Table 3.5 shows a slight difference in ΔE between neutral 13t, 13i, and 12i,
indicating similar donating and accepting electron ability. The protonated forms, however,
revealed that the ΔE of 13t was more than 1 eV lower than those for 13i and 12i, suggesting
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better inhibition, as also shown by the electrochemical and weight loss measurements, due to its
versatility to perform electron transfer in both ways (i.e. from inhibitor to Fe and vice versa).
This result also suggests that 13t has higher reactivity and better adsorptivity in its protonated
form than in its neutral form.
Other quantum chemical parameters such as electronegativity (EN) and global hardness
() are also calculated as follows:61

𝐸𝑁 = −0.5(𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂 )

(3.14)

𝜂 = −0.5(𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂 )

(3.15)

The higher EN observed for neutral and protonated 13t corresponds to a higher electronattracting ability compared to 13i and 12i. It can also be seen that EN is enhanced after
protonation, suggesting that the protonated inhibitors attract electrons more easily than their
neutral forms. This EN increase means that the protonated inhibitors play an essential role in
coordinating with the metal during retro-donation.
Chemical hardness is an important property that describes the inhibitor’s degree of
adsorption on the metal surface.14,30,31,61 In general, an organic inhibitor can be regarded as a soft
base, while a metal as a soft acid.62 Therefore, inhibitor adsorption on a metal surface can be
thought of as a soft-soft interaction and inhibitors with higher softness feature (lower )
contribute more favorably to such interaction.14 From Table 3.5, protonated 13t showed the
smallest  value corresponding to a maximum softness characteristic, which also means that 13t,
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in its protonated form, strongly adsorbs on the MS surface to achieve the maximum inhibition
efficiency as shown by the IE% and IE%.
Furthermore, the fraction of electrons transferred (ΔN) is another important parameter
that can be estimated by the Pearson electronegativity scale:63

Δ𝑁 =

𝜙 − 𝐸𝑁𝑖
2(𝜂𝐹𝑒 + 𝜂𝑖 )

(3.16)

where 𝜙 is the work function of Fe surface with a value of 4.82 eV for Fe(110),63 ENi is the
electronegativity of the inhibitor (from equation 14), while i and Fe = 061 are the global
hardness of the inhibitor (from equation 15) and Fe, respectively. ΔN indicates whether electrons
are transferred from the inhibitor molecule to the metal (ΔN  0) or vice versa (𝛥N  0).15 The
positive ΔN values from Table 3.5 confirms the transfer of electrons from inhibitors in their
neutral form to Fe during chemisorption. On the other hand, the negative ΔN values explain that
during retro-donation, electrons are mostly transferred to the protonated inhibitors, with more
electron transfer propensity towards 13t due to its more negative ΔN value compared to 13i and
12i. Combined with the results from other chemical quantum parameters, it is thought that the
stronger capacity for 13t to accept electrons accounted for its higher IE% compared to 13i and
12i.
3.5

Conclusions
The azole-based compounds namely, 13t, 13i, and 12i have proven to be useful and

effective as corrosion inhibiting agents for MS in acidic medium. Their inhibitive properties stem
primarily from their molecular structure, which features an aromatic ring with N-heterocyclic
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azole substituents capable of adsorbing on a metal surface to form a protective layer that can
block active corrosion sites. This adsorption, evidenced by Raman spectroscopy, is mainly
facilitated by an electron transfer process between the inhibitor molecule and metallic Fe surface
that results in an adsorbed Fe-inhibitor complex. Electrochemical measurements revealed that
low concentrations of 13t in HCl solution at 40 C exhibited the highest inhibition efficiency
owing to its structural planarity and the presence of more N heteroatoms. As a result, more
effective adsorption was achieved compared to 13i and 12i. Also, the ability of 13t is mostly
credited to its greater capacity to accept electrons, in contrast to both 13i and 12i due to a higher
inclination to donate electrons. Overall, these azole-based compounds may be used as
inexpensive, less complicated, and environmentally friendly corrosion inhibitors at the M level
in acid pickling and other industrial applications that involve harsh and elevated temperature
conditions.
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CHAPTER IV
CHARACTERIZATION OF A TETRAFUNCTIONAL EPOXY-AMINE COATING FOR
CORROSION PROTECTION OF MILD STEEL
This work has been submitted for publication: Caldona, E. B.; Wipf, D. O.; Smith Jr., D.
W. Characterization of a tetrafunctional epoxy-amine coating for corrosion protection of mild
steel. Prog. Org. Coat. 2020.
4.1

Abstract
Epoxy resins are one of the most widely used thermosetting materials in industrial and

practical applications because they exhibit excellent mechanical, thermal, and dielectric
performance at commodity volume and cost. In particular, multifunctional epoxies—dense and
cross-linked structured resins—are used as molding compounds, sealants, and protective coatings
for many barrier-related applications. In this work, we used a tetrafunctional epoxy-amine resin
as a coating for mild steel and used electrochemical impedance spectroscopy (EIS) to investigate
its protection performance in a 3.5 wt% NaCl solution. The results indicate that the coating was
able to resist corrosion and maintain a very high impedance modulus for more than 30 d of
continuous exposure to the NaCl solution. Different resistance behaviors, as indicated by EIS,
were observed for the coatings with artificially introduced damage. The coating also showed
high thermal resistance and good adhesion to mild steel surfaces. This tetrafunctional epoxyamine resin could effectively function as a high performance and corrosion resistant coating
material for semiconductor, aerospace, and marine applications.
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4.2

Introduction
First synthesized in 1909 and introduced to the market in the late 1940s,1,2 epoxy resins

are a well-established class of multipurpose thermosetting prepolymers with two or more
epoxide (or oxirane) substituents attached to a backbone of aliphatic and/or aromatic
structures.3,4 The epoxides are generally characterized by their susceptibility to both electrophilic
and nucleophilic attack,4–8 making the resins receptive to a vast selection of chemical reagents.
For instance, epoxy resins can be catalytically homopolymerized or reacted with curing agents
(or hardeners), both of which allow epoxide ring opening and promote subsequent chain
extension, accompanied by an overall molecular weight increase.1,2,9–11 The use of a curing agent
is the most widely employed polymerization method as it crosslinks the epoxy resin into
permanently three-dimensional network macromolecules.1,2 Curing reactions can occur at
ambient temperatures, but many high-strength epoxies of commercial and industrial importance
require an elevated temperature cure.12–14 The choice of curing agent not only determines the
ultimate practical application of an epoxy system, but also its cured crosslinked structure, pot
life, and other end-use properties.5,15 Common curing agents are aromatic and aliphatic
hydrocarbon derivatives, which include amines, phenols, alcohols, carboxylic acids, acid
anhydrides, and thiols.6,16–18 The properties of cured crosslinked epoxies vary with specific
combinations of resin type and curing agent and desirable characteristics are low curing
shrinkage, toughness, high surface adhesion, chemical and thermal resistance, low weight, and
electrical resistance.1,2,19,20 These properties, along with good processability, have led to the
ubiquitous use of epoxies throughout industry, including the automotive, aerospace, marine,
electronics, and chemical.1,2,8,12

111

Application-specific requirements of the epoxy resin are met by altering their structural
features. For instance, epoxy resins with pure aliphatic chains have low viscosity and low
polymerization rates at room temperature; therefore, they are often added as reactive diluents to
other epoxy resins to enhance adhesion and mechanical strength.1,2,21 Ring-structured aliphatic
resins, on the other hand, have good weather resistance, thermal and UV stability, and low
dielectric constants. Aromatic epoxy resins, such as those based on bisphenol diglycidyl ethers,
are generally stiff and strong with enhanced thermal and chemical resistance.1,2,8,22 The
functionality of a given epoxy resin can be tailored for specific applications. For example,
multifunctional resins (i.e. with  3 epoxide moieties) based on epoxy novolacs and tetraglycidyl
ethers are employed for aerospace and industrial applications that require higher service
temperatures.5,7,13,23,24 However, excessive functionalities (i.e. > 4) tend to increase the structural
steric hindrance, which may limit the epoxy curability.25 Tetrafunctional epoxies have been
proven to overcome this issue as they constitute the best combination of higher functionality and
complete conversion.5,13 These epoxies are found to be resistant against high-temperature and
extremely corrosive working environments owing to their densely crosslinked structure, and are,
thus, more functional as protection barriers.23,26,27 Their low density and high surface adhesion
combined with good mechanical properties and UV screening allow for high performance and
sophisticated applications.1,2,13
Tetrafunctional epoxy resins are widely used matrices for the fabrication of advanced
polymeric and fiber-reinforced composites as high performance materials mainly for aerospace
and marine industries.7,12,13,24,27 While many past and recent studies have been focused on the
characterization of their composite analogues, here, we investigate the barrier performance of an
amine-cured tetrafunctional epoxy coating, in its pristine form, on mild steel (MS) as a function
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of extended exposure time in a highly corrosive electrolyte solution. Coated surfaces are subject
to scratches, abrasion, and other mechanical damages arising from handling, transportation,
fabrication, installation, and maintenance activity. This damage is inevitable and often unnoticed.
Therefore, it is important to consider the effect of such damages on the coating integrity and
performance during its intended use. In this work, different forms of artificial damage are
introduced to the cured epoxy-amine coating and the corresponding change in resistance
behaviors are studied by electrochemical impedance spectroscopy (EIS).
4.3
4.3.1

Materials and methods
Materials
ASTM A366/1008 MS cold-rolled sheets (OnlineMetals), 5.1  3.8  0.1 cm, were used

as substrates. The metal sheets had a stated composition (wt%) of 0.6 Mn, 0.2 Cu, 0.04 S, 0.08
C, 0.035 P, and the remainder Fe.

Figure 4.1

Structures of the (a) epoxy resin and (b) curing agent. (c)-(g) Different samples
investigated in this study and their preparation.

An epoxy-amine resin, API1078, Applied Poleramic Inc., was used in this study. It is
4,4’-methylenebis(N,N-diglycidylaniline), a tetradiglycidyl-ether-based epoxy resin. 4,4’113

methylenebis(2-isopropyl-6-methylaniline) is used as the curing agent. Their structures are
shown in Figure 4.1a and b. This epoxy-amine resin, which can be infused with dry fabrics or
other preform materials and processed via vacuum assisted resin transfer molding (VARTM),
also contains other proprietary components (e.g. toughening agents and the like) to provide
desirable mechanical and other properties. To date, this resin system has only been used in the
fabrication of structural carbon fiber composites for aircraft applications24 and its potential use as
a protective coating has not been reported.
HPLC Plus Grade acetone ( 99.9% purity) was obtained from Sigma-Adrich. 3.5 wt%
NaCl solution was prepared by dissolution of solid crystalline NaCl (EMD, 99%) in deionized
water with 18.0 M cm resistivity.
4.3.2

Coating and sample preparation
Prior to coating, the MS substrates were ground with 240, 400, and 800 SiC paper on a

Metaserv Grinder-Polisher (Buehler), followed by a 10-15 min washing through sonication in
acetone and air drying. The coating solution was prepared by combining the epoxy resin with the
amine curing agent in a mixing weight ratio of 100:63, both in acetone at an overall
concentration of 0.76 g/mL. Coating was then applied through a programmed spin coating
process using a WS-400 Spin Processor (Laurell Technologies). The coated substrate was first
heated at 60 C in air to evaporate the acetone solvent, followed by a 2 h cure at 177 C. The
coating thickness measured as 30 m using a digital caliper (Fowler).
Three different forms of mechanical surface damage were artificially created on the cured
epoxy coating. The first damage, based on ASTM D1654, was introduced by scribing the coating
with an X-cut, as shown in Figure 4.1e, through its layer and into the metal substrate using a
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sharp blade. The second damage, illustrated in Figure 4.1f, was produced based on a two-body
abrasive wear mechanism28,29 where the coating was mechanically rubbed back and forth five
times on 400 SiC paper while loaded with a 0.20 kg mass. The mechanical load ensures uniform
applied pressure (1 kPa) and physical contact between the sandpaper and coating. Finally, the
third artificial damage was made by placing a 0.20 kg mechanical load steadily atop the coated
substrate for 2 d (Figure 4.1g) to induce artificial coating deformation. These three artificially
damaged samples were labeled as XC, AC, and LC, respectively, while the uncoated and coated
(i.e. intact, without any introduced artificial damage) substrates were marked as UC and IC,
respectively. These damage forms are considered in this study as they are the most commonly
encountered and can easily manifest during contact or impact with another object, leading to
surface rubbing, scratching, or scraping.
4.3.3

Characterization
Fourier transform infrared (FTIR) spectroscopy was performed on a Nicolet iS5 FTIR

spectrometer, where spectra were recorded at an average of 128 scans between 4000 and 400
cm−1 using a nominal resolution of 4 cm−1. Thermogravimetric analysis (TGA) was done with a
TGA Q50 thermogravimetric analyzer (TA Instruments) on a continuous N2 gas purge at 20 mL
min−1 and ramp rate of 10 C min−1. Adhesion tests, based on ASTM D3359, were made on 2mm-spaced coating cross cuts using a scotch 600 tape (3M). Contact angle (CA) experiment was
performed on a Tantec contact angle meter equipped with a macro lens smartphone camera,
while ImageJ was used for CA calculation.
The electrochemical test cell, enclosed in a Faraday cage, consisted of the graphite rod as
counter, saturated calomel electrode (SCE) as reference, and uncoated and coated metal
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substrates as working electrodes. A clear silicone II adhesive (GE) was applied to affix a 43-mm
long schedule 40 PVC tube to the substrate exposing 5 cm2 surface area to the 3.5 wt% NaCl
test solution. A Solartron SI 1250 frequency response analyzer was used to perform
electrochemical impedance spectroscopy (EIS) over the frequency range of 0.1 Hz to 60 kHz
with a 10-mV sine wave excitation about the open-circuit potential (OCP). ZView (Scribner
Associates) was used for fitting the impedance data to equivalent electrical circuits (EEC).
Scanning electron microscopy (SEM) was done on a JEOL 6500F Field Emission SEM at
5 kV, while energy-dispersive x-ray (EDX) spectroscopy was performed using an X-max 80
EDX detector (Oxford Instruments) at 15 kV. A Thermo Scientific K-Alpha x-ray photoelectron
spectroscopy (XPS) system was used to carry out XPS analyses.
4.4
4.4.1

Results and discussion
FTIR spectroscopy
FTIR spectroscopy was used to characterize and verify the structure of the epoxy-amine

coating. The spectrum for pristine epoxy resin (Figure 4.2a) shows the following peaks:27,30 C–H
and C–O–C stretching of the oxirane groups at 3050 and 905 cm−1, respectively, aromatic C=C
near 1600 cm−1, aliphatic C–H stretching between 2990 and 2860 cm−1, C–N stretching at 1335
cm−1, aromatic C–H deformation near 827 cm−1, and CH2 rocking at 750 cm−1. The broad, lowintensity band near 3500 cm−1, corresponding to O–H stretching, may be attributed to traces of
intermediate chlorohydrin,31 while the peak near 1750 cm−1 may be due to the presence of some
carbonyl-containing additives. The spectrum for amine curing agent (Figure 4.2b) identifies
distinct peaks at 3460 and 3380 cm−1 due to N–H stretching and 1450 cm−1 due to CH3
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bending.30 The spectrum in Figure 4.2c, on the other hand, displays peak combination between
the spectra in Figure 4.2a and b and indicates the state of the epoxy-amine resin prior to curing.
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FTIR spectra of (a) epoxy resin, (b) curing agent, (c) uncured, and (d) cured
mixture of epoxy and curing agent. (e)-(g) Curing reactions of the epoxy resin.

Meanwhile, in Figure 4.2d, the disappearance of the peaks at 3050 and 905 cm−1 is
indicative of oxirane ring opening (Figure 4.2e) via nucleophilic attack by the curing agent’s
amino groups.4,5,7,30 In addition, the development of a single broad band at 3381 cm−1 is due to
the formation of secondary OH moieties caused by proton transfer, thus, confirming the epoxy
resin interaction with the curing agent to form the cured coating structure.4,5,7 Furthermore, the
small peak near 1100 cm−1 can be assigned to C–O–C,30 which may have been generated through
etherification,4,7 where OH groups further react with oxiranes, to form ether linkages (Figure
4.2g).
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(a) TGA of cured and peeled off epoxy coating at 10 C min−1 in N2. (b) Optical
image of epoxy-coated substrate with ASTM rating after tape adhesion test. CA of
(c) uncoated (UC) and (d) epoxy-coated (IC) substrates.

The coating detachments in (b) are encircled in blue. The arrows in (c) and (d) indicate the
position of the interface.
4.4.2

Thermogravimetric analysis
The thermal degradation of the cured epoxy-amine coating, peeled off from the MS

substrate, was studied under N2 and the resulting thermogram is shown in Figure 4.3a. A small
weight loss, usually attributed to the scission of alkyl side chains and dehydration of secondary
alcohols,32 was observed near 200 C. Conversely, the onset temperature accounting for the
major weight loss was observed at 360 C, slightly higher than that of diglycidyl ether of
bisphenol A (DGEBA), a very commonly used difunctional epoxy, which exhibits an onset
temperature of 320 C.2,33 This main degradation stage, in general, can be attributed mostly to the
scission of the main epoxy network chain, including bond scission of C–N, aromatic C–H, and
ether linkages, and carbonization of aromatic rings, which causes charring.32,34 Overall, the cured
epoxy-amine is a thermally stable protective coating at temperatures of up to 300 C owing to its
tetrafunctionality, which crosslinks into a highly dense structure.3,7,13
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4.4.3

Coating adhesion test
Aggressive electrolyte diffusion causes corrosion at the coating-metal interface, leading

to a coating delamination. One of the basic functions of a polymeric coating is to delay the
spread of corrosion from the initial sites of water penetration. This function, essentially, requires
sufficient coating adhesion to metal surfaces. The adhesion of the epoxy-amine coating on MS
surface was investigated according to ASTM standard adhesion test, which involves the use of a
pressure-sensitive adhesive tape over the coating cross-cuts. Figure 4.3b shows an image of the
crossing cuts after tape removal and 90 s of contact time with the coating. An adhesion rating of
4B was assigned due to the coating detachment near the cut edges. This rating is slightly lower
than that of a DGEBA coating reported in the literature,35 perhaps owing to the higher
crosslinking density produced by the tetrafunctional resin used here, resulting in a more brittle
coating.13,25,36 Despite this brittleness, amine-cured tetrafunctional epoxies still exhibit better
adhesion to metal surfaces compared to other coating materials owing to their highly dense polar
hydroxyl pendants, ether linkages, and tertiary amines, which are strongly attracted to surface
metal oxides.37 Therefore, once the epoxy coatings cure and fill the pores and crevices of metal
structures, they become mechanically interlocked.38
4.4.4

Contact angle
Contact angle (CA) measurements were performed to evaluate the wettability of the

cured epoxy coating. Bare MS substrate had a CA of 46  3 (Figure 4.3c), while the epoxycoated substrate displayed a higher CA of 95  2 (Figure 4.3d). Uncoated metals generally
possess high surface energy and are, therefore, hydrophilic. Conversely, the presence of an
organic polymeric coating provides enhanced water resistance for the metal surface. Epoxy
coatings are well known for their barrier properties. However, the presence of hydroxyl groups
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makes their surface energy slightly higher than any typical hydrophobic coatings,39 implying
CAs of slightly lower than 90. It is noteworthy that the epoxy coating in our study had a CA 
90. Since the resin is an API1078 type (as mentioned in section 2.1), the presence of one or
more proprietary components may be responsible for this surface behavior. The inclusion of
additives or modifiers into many commercially available epoxy resins is common for
applications requiring low surface energy.39
4.4.5

EIS study
EIS measurements were conducted to assess the protection performance and

electrochemical behavior of the epoxy-amine coating both in its intact and artificially damaged
forms. Using a 10-mV sine excitation voltage, the impedance data were plotted from frequencies
of 60 kHz to 0.1 Hz in the Nyquist and Bode diagrams. The Nyquist diagram shows the
impedance plot between the real Z′ and imaginary Z′′, while the Bode diagram displays plots of
both the impedance modulus |𝑍| versus frequency f in logarithmic scales and phase angle 𝜃
versus log f. Shown in Figure 4.4 are the Nyquist spectra, alongside the equivalent electrical
circuit (EEC) models, at different sample exposure times in 3.5 wt% NaCl solution. The plots are
characterized by depressed semicircles due to surface coating nonuniformity and corrosion
developing at the interface.40 Accordingly, instead of a pure capacitor, the EEC models show a
constant phase element (CPE) with impedance 𝑍CPE = 𝑌𝑜−1 (𝑗𝜔)−𝑛 , where 𝑌𝑜 is a CPE constant, 𝑗
is an imaginary variable, 𝜔 is the angular frequency, and 𝑛 is a coefficient indicating deviation
from pure capacitance.41 Tables 4.1-4.5 summarize the electrochemical variables obtained from
EEC fitting with corresponding Chi-squared (2) values.
Table 4.1

EIS parameters obtained from data fitting for UC at different immersion times.
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Rs ( cm2)
CPEdl:
Yo  102 (-1 cm-2 sn)
n
Rct ( cm2)
Wr ( cm2)
Wt (-1 cm-2 sn)
Wp

2

1d
2.9  0.1

7d
1.8  0.1

15 d
2.3  0.1

30 d
1.7  0.1

0.57  0.01
0.76  0.01
329  3
−
−
−
4  10-2

0.12  0.02
0.86  0.03
12.4  1.4
179  4
8.6  0.4
0.47  0.01
2  10-2

0.53  0.07
0.76  0.02
5.4  0.6
83.8  2.2
15.0  0.9
0.44  0.01
7  10-3

0.89  0.11
0.67  0.02
6.2  0.5
80.3  2.1
12.9  0.7
0.48  0.01
6  10-3

Note: Reported values include fitting errors.

4.4.5.1

Uncoated substrate (UC)
The shape of the Nyquist plot for UC after 1 d of immersion (Figure 4.4a) resembles an

incomplete semicircle with an EEC (Model A) described by a Randles model (i.e. solution
resistance, Rs, in series with the parallel charge transfer resistance, Rct, and double layer
capacitance, CPEdl). Its low Rct and Rs values (Table 4.1), compared to the coated substrates,
indicate high electron-transfer activity at the metal-solution interface and accrual of additional
ions in the solution due to metal oxidation. This phenomenon is evidenced by the presence of a
low-frequency time constant in the Bode plot (Figure 4.5a), which implies oxide layer formation
due to corrosion. Longer immersion times (i.e. beyond 7 d) further revealed the presence of a
slanted line at low frequency region of the Nyquist plot, characterized by a Warburg (W)
diffusion-controlled process42–44 at the metal-solution interface. W is composed of three
diffusional parameters: Wr refers to the diffusion resistance, Wt is the Warburg diffusion
constant, and Wp, similar to n in CPE, is the Warburg exponent. The corresponding EEC, as a
result, was modified to include a W element in series with Rct (Model B). Extended exposure of
metals in strongly corrosive solutions leads to the buildup of a passive oxide layer, where,
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similar to porous organic coatings, electrolyte diffusion can take place. The time constant at midfrequency region and semicircle arc preceding the diffusion tail in the Bode (Figure 4.5b-d) and
Nyquist plots (Figure 4.4a), respectively, after 7, 15, and 30 d immersion, are indicative of this
passivation.

Figure 4.4

Nyquist plots for (a) UC, (b) IC, (c) XC, (d) AC, and (e) LC at different
immersion times in NaCl solution, with corresponding circuit models.

Fitted data are represented by lines.
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Figure 4.5

Bode magnitude and phase angle plots of the samples at different immersion times
in NaCl solution.

Fitted data are represented by lines.
4.4.5.2

Intact coated substrate (IC)
The presence of an intact epoxy coating (IC) on metal surface creates a protective barrier

against water diffusion and minimizes subsequent corrosion. Shown in Figure 4.4b are the
Nyquist plots for IC at different immersion times, characterized by a single dominant capacitiveresistive loop and EEC containing Rs in series with Rc-CPEc pair (Model C). Rc and CPEc
elements refer to the coating resistance and capacitance, respectively, and their parallel
combination generally depicts the macroscopic characteristics of the coating layer (including
pores and defects).41 Table 4.2 for IC showed very large Rc values of 20 M cm2, which
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slightly decreased over time, accompanied by very small, uniform CPEc values. Likewise, Figure
4.5a-d show the equivalent Bode plots, which exhibit one time constant at 𝜃 near −90 and very
large |𝑍|0.1Hz values close to 107  cm2 throughout the whole immersion period. Though the
slight decrease in Rc values with time may suggest slight coating deterioration and minimal water
absorption, the tetrafunctional epoxy coating can still perform better compared to its typical
difunctional alternative. For instance, a pristine DGEBA coating reported in the literature can
undergo deterioration in saline media and the resulting |𝑍| values can decrease to 105  cm2
after a few days of immersion.45 IC, on the other hand, maintained a large |𝑍|0.1Hz value close to
107  cm2, which demonstrates that the tetrafunctional epoxy coating in its intact form is
capable of protecting MS against corrosion even after 30 d of immersion in a salt solution. Such
protection performance can be credited to the epoxy’s highly crosslinked structure,3,7,13 which
limits water penetration and delays diffusion through the coating-metal interface.
Table 4.2

EIS parameters obtained from data fitting for IC at different immersion times in
3.5 wt% NaCl solution.
2

Rs ( cm )
CPEc:
Yo  109 (-1 cm-2 sn)
n
Rc (M cm2)

2

1d
132  36

7d
121  30

15 d
104  29

30 d
61.0  11.1

1.8  0.1
0.98  0.1
28.1  0.2
1  10-2

2.0  0.1
0.98  0.01
26.4  0.2
7  10-3

2.0  0.1
0.98  0.01
25.5  0.2
8  10-3

2.0  0.1
0.98  0.01
23.8  0.2
7  10-3

Note: Reported values include fitting errors.

While the presence of carbonyl-containing tougheners and other additives may also have
contributed to the coating performance, a typical additive-free multifunctional epoxy coating can
also provide nearly equivalent protection and maintain a |𝑍| value of 107  cm2 for over 30 d of
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immersion in 3.5 wt% NaCl solution.23 The inclusion of such additives, however, offers the
benefit of a less brittle epoxy coating matrix with enduring barrier property. In general, the
brittleness of multifunctional epoxies affects their performance and limits their use in many
applications. For instance, a brittle epoxy layer may exhibit reduced interfacial adhesion on a
silicon wafer causing early delamination failure of a semiconductor package. Likewise, exposure
to corrosive environments or high temperature conditions combined with impact or abrasion, as
in the case of marine or aerospace applications, may easily flake a brittle epoxy coating causing
serious physical damage. These examples explain why multifunctional epoxies are often
reinforced with additives to increase their durability and resistance to shock loads.1,2
Table 4.3

EIS parameters obtained from data fitting for XC at different immersion times in
3.5 wt% NaCl solution.
2

Rs ( cm )
CPEc:
Yo  109 (-1 cm-2 sn)
n
Rc (k cm2)
CPEdl:
Yo  105 (-1 cm-2 sn)
n
Rct (k cm2)
Wr (k cm2)
Wt (-1 cm-2 sn)
Wp

2

1d
65.4  1.9

7d
38.2  0.6

15 d
23.6  1.5

30 d
13.7  4.1

2.3  0.1
0.96  0.01
30.2  0.5

2.1  0.1
0.97  0.01
19.5  0.1

3.2  0.4
0.93  0.01
18.0  0.5

38.2  7.2
0.69  0.02
11.9  0.4

0.86  0.02
0.32  0.01
305  28
−
−
−
4  10-4

1.3  0.1
0.38  0.01
155  4
−
−
−
1  10-4

1.6  0.1
0.41  0.03
39.7  3.6
−
−
−
5  10-3

−
−
−
69.8  1.7
8.9  0.5
0.41  0.01
2  10-3

Note: Reported values include fitting errors.
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4.4.5.3

Scratched coated substrate (XC)
Pre-damaged coatings, in most cases, will behave differently from their intact form and

produce varying electrochemical responses. Figure 4.4c presents the Nyquist plots for the
scratched coated substrate (XC), where two distinct features are observed: semicircles and
slanted lines or arcs at high and low frequency regions, respectively. The EEC for the impedance
data after 1, 7, and 15 d of immersion obeys Model D, which contains both the Rc-CPEc and RctCPEdl pairs. The lower and decreasing Rs values with time (Table 4.3), compared to IC, were due
to the presence of corrosion-produced ions in the electrolyte solution as a result of surface metal
oxidation across the cuts. These cuts may have also provided easy access for electrolyte solution
to seep in directly through the coating-metal boundary, giving rise to the Rct-CPEdl pair, which
represents electrochemical activities at the coating-metal interface.46 This Rct-CPEdl pair is
characterized by the presence of arc-shaped curves, becoming more prominent after 15 d of
immersion, and time constants, both at lower frequency regions of the Nyquist (Figure 4.4c) and
Bode (Figure 4.5a-c) plots, respectively. Though the Rct decreased with time, the values in Table
4.3 relatively remain significantly higher (104  cm2) compared to UC. This result may have
been due to partial obstruction of water passage through the coating-metal boundary sides by the
strong surface adhesion of the epoxy coating, thus resulting in a moderate charge-transfer
process at the coating-metal interface. However, the permeation of electrolytes underneath the
coating over time increases the likelihood for corrosion and promotes subsequent oxide layer
formation. Such phenomenon can be evidenced by a second semicircle formation at low
frequency region (Figure 4.4c) after 15 d coupled by a time constant shift from low to midfrequency region (Figure 4.5c). Eventually, corrosion spreads over the coating-metal interface
and produced metal oxides block the coating pores and other pathways, slowing the entry of
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electrolytes. This effect then leads to a diffusional process where the W element in the EEC
(Model E) replaces the Rct-CPEdl pair after 30 d of immersion. While charge-transfer activities at
the coating-metal interface of XC are evident, its Rc and |𝑍|0.1Hz values, both at 104  cm2
throughout the entire immersion period, are, nevertheless, indications of coating barrier
functionality despite being pre-scratched.
4.4.5.4

Abraded coated substrate (AC)
Mechanical action of a solid object on a coated surface creates severe damage, which

may result to coating loss and a compromise in protective properties. The Nyquist plots of a
mechanically abraded epoxy coating (AC) are shown in Figure 4.4d and impedance fitting after
1, 7, and 15 d of immersion revealed an EEC of Model E related to the macroscopic properties of
the coating layer (Rc-CPEc) with a diffusional element (W). It is assumed that the abrasion may
have reduced the coating thickness and partly exposed the metal underneath due to coating loss.
Subsequently, the damage may have provided a shorter route for the electrolyte solution to
permeate the coating and quickly reach the metal surface. Metal oxidation may also have been
rapidly induced, in which, subsequent corrosion product formation across the interface and
coating defects led to an early Warburg diffusion-controlled process. Meanwhile, further analysis
revealed that after 30 d of immersion, impedance response became consistent with a two-time
constant EEC (Model D), where the W term from Model E is replaced by Rct-CPEdl pair. This
result is also indicated by the development of a second semicircle in the Nyquist plot after 30 d
(Figure 4.4d) and a distinct time constant peak at low frequency region of the Bode plot (Figure
4.5d). This electrochemical response might be attributed to an increased corrosion, where
electrolyte diffusion becomes less significant and charge-transfer processes predominate.47
Though it is clear that the damage generated by mechanical abrasion increased the coating
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vulnerability to corrosion, the values for Rc (Table 4.4), |𝑍|0.1Hz , and 𝜃 at high frequency region,
which remained generally higher compared to XC, imply that the abraded epoxy coating still
displayed satisfactory protection against corrosion.
Table 4.4

EIS parameters obtained from data fitting for AC at different immersion times in
3.5 wt% NaCl solution.
2

Rs ( cm )
CPEc:
Yo  109 (-1 cm-2 sn)
n
Rc (M cm2)
CPEdl:
Yo  105 (-1 cm-2 sn)
n
Rct (k cm2)
Wr (M cm2)
Wt (-1 cm-2 sn)
Wp

2

1d
89.9  14.7

7d
48.3  4.5

15 d
29.4  5.6

30 d
17.9  2.4

1.9  0.1
0.98  0.01
0.78  0.01

1.8  0.1
0.98  0.01
0.59  0.01

1.9  0.1
0.98  0.01
0.32  0.01

1.8  0.1
0.97  0.01
0.079  0.01

−
−
−
1.4  0.07
7.1  1.2
0.34  0.01
8  10-4

−
−
−
0.96  0.05
7.1  1.0
0.41  0.01
8  10-4

−
−
−
0.33  0.03
6.8  1.9
0.32  0.01
1  10-3

1.1  0.1
0.73  0.03
70.2  5.1
−
−
−
4  10-3

Note: Reported values include fitting errors.

4.4.5.5

Weighted coated substrate (LC)
Application of small weights or force on a coating may cause it to deform and affect the

barrier properties. Figure 4.4e displays the Nyquist plots of an epoxy coated substrate (LC), on
which a 0.20 kg mechanical load had been applied prior to NaCl solution exposure. The early
stage of immersion (i.e. after 1 d) indicates a capacitive-resistive depressed semicircle Nyquist
plot characterized by a one-time constant EEC based on Model C (i.e. Rs with Rc-CPEc pair). The
initial Rs and Rc from Table 4.5 showed relatively high values (102 and 107  cm2,
respectively) with 𝜃 value in the Bode plot (Figure 4.5a) close to −90, which were all
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comparable to its intact form (IC). These results suggest that LC was not significantly affected
by its exposure to NaCl solution after 1 d and performed equivalently to IC. However, longer
immersion times (i.e. after 7 and 15 d) revealed an EEC change, where a diffusional W term was
added (Model E). The presence of weight can cause coating to deform or bend and may develop
internal microscopic cracks across the coating layer. LC was able to withstand a 1-d immersion
as many of these cracks, perhaps, might not have been superficial. These cracks can also act as
conduits for electrolyte diffusion, decreasing the Rc, as observed in Table 4.5, due to subsequent
water uptake by the coating layer. Again, this diffusion process leads to high corrosion rates
until, eventually, charge-transfer activities become prominent at the coating-metal interface.
Thus, after 30 d of immersion, the electrochemical response of LC changed into a two-time
constant EEC, where the W element is replaced by Rct-CPEdl pair (Model D). This behavior is
indicated by a larger semicircle and a time constant peak, both at low frequency regions of the
Nyquist (Figure 4.4e) and Bode (Figure 4.5d) plots, respectively. The larger size of the second
semicircle compared to the first one (i.e. Rct  Rc) is an implication that protection was mainly
attributed to the coating’s ability to resist charge-transfer reactions at the coating-metal interface.
Overall analysis suggests that the corrosion suffered by LC was minor as its |𝑍|0.1Hz value had
remained above 106  cm2 throughout the entire immersion process, an indication that LC, even
in its pre-damaged form, could still provide substantial corrosion protection48 for up to 30 d of
immersion. In general, the protective property demonstrated by all the coating samples is
essentially attributed to the cured epoxy’s tightly crosslinked structure and good adhesive
property.
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Table 4.5

EIS parameters obtained from data fitting for LC at different immersion times in
3.5 wt% NaCl solution.
2

Rs ( cm )
CPEc:
Yo  109 (-1 cm-2 sn)
n
Rc (M cm2)
CPEdl:
Yo  107 (-1 cm-2 sn)
n
Rct (M cm2)
Wr (M cm2)
Wt (-1 cm-2 sn)
Wp

2

1d
134  9

7d
57.8  4.6

15 d
49.7  3.9

30 d
35.6  4.3

2.6  0.1
0.88  0.01
15.6  0.1

2.1  0.1
0.96  0.01
1.2  0.1

2.0  0.1
0.96  0.01
0.84  0.01

2.1  0.1
0.95  0.01
0.98  0.03

−
−
−
−
−
−
9  10-3

−
−
−
9.0  0.3
3.0  0.2
0.52  0.01
6  10-3

−
−
−
7.7  0.3
3.5  0.2
0.54  0.01
5  10-3

1.2  0.1
0.64  0.02
3.7  0.2
−
−
−
5  10-3

Note: Reported values include fitting errors.

4.4.6

SEM/EDX experiment
The SEM images of the samples, along with their EDX spectra, are shown in Figure 4.6.

The uncoated substrate (UC), prior to immersion in NaCl solution, showed a clean surface
morphology, with scratches from polishing, and EDX spectrum corresponding to the metal’s
characteristic elemental peaks. The morphology of the freshly coated substrate (IC) exhibited a
distinguishing smooth polymeric film with EDX spectrum associated with the cured epoxy’s
elemental composition. The detection of N, however, is suppressed by the high mass absorptivity
of C, thus, making it invisible in the spectrum.49 Pt peaks come from thin Pt coating applied to
the substrates to prevent electrical charging, while small Fe peaks from coated substrates are due
to the high-energy surface-penetrating electron beam that can reach the metal surface.
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SEM images at 5000 and 220 (inset) magnifications with scale bars of 1 and
100 m, respectively, and EDX spectra before and after 30 d of immersion in NaCl
solution.

After 30 d of immersion, the EDX spectrum of UC showed an O peak, implying the
formation of a passive oxide layer, which, as illustrated by its SEM image, is dense enough to
allow electrolytes to diffuse through. This analysis is consistent with its EEC model. IC showed
no major topological or spectral changes after exposure, except for a few surface blemishes or
blisters that may be associated with superficial coating deterioration caused by salt water
exposure. This result is also supported by FTIR measurements of IC, which showed no
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significant difference between the spectra acquired before and after 30 d of exposure to NaCl
solution (Fig. 4.7b). Furthermore, when IC was peeled off and the MS surface examined,
localized white spots forming round patterns were visible as evidenced by the SEM image in Fig.
4.7c. These features may suggest the onset of underfilm corrosion. However, a separate
investigation involving extended immersion will be needed to validate these assumptions.
The morphology of XC, on the other hand, displayed no observable corrosion-related
coating delamination across the cuts. However, the EDX spectrum over the cuts, showing Cl
peaks, implies the occurrence of electrochemical and diffusional activities in the area, which are
in good agreement with the EIS results. While no spectral changes outside the vicinity of the cuts
were observed, the morphology at higher magnification revealed localized coating damages
resulting, perhaps, from electrolyte diffusion and subsequent metal oxide formation at the
interface and coating pores.
Meanwhile, the morphology of AC revealed mild coating damages, not because of the
abrasion-produced scratched lines, but due to a consequent intensified corrosion. This result, as
explained from the EIS findings, confirms that the pre-abrasion process accelerated the chargetransfer activities at the coating-metal interface with the scratches as points of origin of any
subsequent corrosion-related damages. The corresponding EDX spectrum also elucidates this
analysis. The surface topology of LC showed small hazy spots without exhibiting significant
change in its EDX spectrum. Further examination of its high-magnification morphology depicts
that such spots might correspond to prior artificial damages caused by the load application,
which were further exacerbated by water permeation during immersion and subsequent
electrochemical oxidation at the coating-metal interface.
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4.4.7

XPS analysis
XPS was performed to further characterize the surface chemistry of both UC and IC, and

investigate the changes in chemical composition after exposure to 3.5 wt% NaCl solution. The
wide and high-resolution deconvoluted spectra are displayed in Figure 4.7a and Figure 4.8-4.9,
respectively, while the corresponding surface composition in atomic % is listed in Table 4.6. The
wide spectra for UC detected major signals for Fe 2p, O 1s, and C 1s. The deconvoluted C 1s
spectra (Figure 4.8a and f), resolved into four peaks, mainly depict the presence of hydrocarbon
contaminants and metal carbonates on MS surface.50 Traces of Cl 2p were evident in UC, which
may be due to the formation of iron chlorides after 30 d of NaCl exposure. This result was also
established by the deconvoluted Cl 2p spectrum (Figure 4.8i), which showed two major peaks
pertaining to FeCl3 and FeCl2 at 199.8 and 198.3 eV, respectively.51 Meanwhile, the conversion
of FeO peaks observed at 712 and 710.3 eV to FeOOH and Fe2O3 at 712.3 and 710.9 eV,
respectively, and the disappearance of metallic Fe peaks at 707.1 and 706.6 eV with a
corresponding rise of FeO/FeCl2 peak at 710 eV in the Fe 2p spectra before (Figure 4.8c) and
after 30 d of immersion (Figure 4.8h) confirm the anodic dissolution of Fe and metal oxide
formation on MS surface.50 Further, the broadening of the oxide peaks in Figure 4.8h and a
corresponding increase in the O content from 39.9  0.8 to 45.0  0.4 atomic % also suggest the
formation of a passive layer50,52 after 30 d of immersion.
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Figure 4.7

(a) XPS wide spectra of UC and IC and (b) FTIR spectra of IC before and after 30
d of immersion in 3.5 wt% NaCl solution. (c) SEM image (scale bar: 1 m) of MS
surface under IC after 30 d of immersion.

Table 4.6

Composition (atomic %) of UC and IC surfaces determined by XPS before and
after 30 d of immersion in 3.5 wt% NaCl solution.
UC
C 1s
O 1s
Fe 2p
N 1s
Cl 2p
others

Figure 4.8

0d
40.7  2.2
39.9  0.8
12.2  1.3
−
−
7.2  0.1

IC

30 d
34.9  2.2
45.0  0.4
12.5  0.1
−
1.0  0.1
6.6  2.9

0d
75.6  0.1
18.7  0.3
−
4.8  0.1
0.12  0.06
0.78  0.1

30 d
73.0  0.9
18.6  1.0
0.17  0.07
3.3  0.2
0.43  0.09
4.5  0.3

XPS deconvoluted spectra of C 1s, O 1s, Fe 2p, Cl 2p, and N 1s, for UC (a)-(e)
before and (f)-(j) after 30 d of immersion.
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The wide spectra for IC (Figure 4.7a) showed major signals for C 1s, O 1s, and N 1s, and
a tiny peak for Cl 2p, which may be associated with small amounts of possible Cl-containing
epoxy proprietary additives. The deconvoluted Cl 2p spectrum identifies these additives as
possible mixtures of organic and metal chlorides.50,51 The profile for C 1s spectrum (Figure
4.9a), prior to immersion, displayed four peaks:53,54 284.6 eV (C–C, C=C, and C–H), 285.9 eV
(C–O and C–N), 287.9 eV (C=O), and 288.9 eV (O=C–O). The O 1s spectrum (Figure 4.9b), on
the other hand, showed three distinct peaks55 for C=O, C–O–H, and C–O at 531.8, 532.5, and
533.2 eV, respectively. The presence of N in IC is described by the peaks found in N 1s
spectrum (Figure 4.9e) at 399.2 and 400 eV, assigned to C–N and N–H, respectively.51 In
addition, the peak near 400 eV is due to N–C=O, while a weak -* interaction of a typical Ncontaining aromatic polymers appears as a small satellite peak further at 402 eV.55 After 30 d of
immersion, traces of Fe 2p (0.17  0.07 atomic %), corresponding to a mixture of iron oxides
and oxyhydroxides,50,51 were detected. The shift and intensity increase of the metal chloride
peaks of Cl 2p spectrum (Figure 4.9i) indicate small amounts of iron chlorides,51 which also
corresponded to a slight Cl content increase from 0.12  0.06 to 0.43  0.09 atomic %. These
results may have been due to a slight decrease in coating thickness as a result of coating
deterioration over long periods of water immersion. This thickness loss may increase the coating
porosity and provide quicker access for Fe ions to diffuse through the coating layer. On the
contrary, this diffusion could be beneficial due to a possible development of a stable coating
interphase by Fe coordination.56 For instance, the rise of a small peak at 397.7 eV and peak at
714.2 eV in the N 1s and Fe 2p spectra, respectively, after 30 d of immersion, may be evidence
of a possible interaction and formation of Fe-organic complexes.55,56 In addition, the
disappearance of small C=O and N–C=O peaks, and decrease in C=O peak intensity (with a
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corresponding C–O–H peak intensity increase) for C 1s, N 1s, and O 1s, respectively, suggest a
possible conversion of carbonyl-containing groups to hydroxides through hydrolysis57 after 30 d
of immersion. Again, since IC exhibited a consistent |𝑍|0.1Hz  107  cm2 throughout the entire
30-d immersion period, it can be assumed that the occurrence of these processes is minimal and
any coating deterioration experienced by IC should have no significant impact on its protection
performance.

Figure 4.9

4.5

XPS deconvoluted spectra of C 1s, O 1s, Fe 2p, Cl 2p, and N 1s, for IC (a)-(e)
before and (f)-(j) after 30 d of immersion.

Conclusions
The cured API1078 epoxy-amine resin has proven to be an effective barrier coating for

MS against corrosion. Its protective properties are mostly attributed to the combined effects of its
multifunctionality leading to a densely crosslinked structure and good surface adhesion. Based
on the EIS results, a very large impedance value of up to 107  cm2 for an intact epoxy coating
was recorded for over 30 d of exposure to an aggressive 3.5 wt% NaCl solution. Although
minimal coating deterioration might have occurred, as depicted by the XPS results, it is
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anticipated that further immersion extension may pose significant corrosion-related damages, in
which case, inclusion of nanofillers may be deemed necessary for further protection
enhancement. The artificially damaged coatings also displayed satisfactory performances and
gave different mechanistic responses and resistance behaviors. Such results could be useful in
projecting performances over time and deciding the coating suitability for an array of industrial
and commercial uses. Overall, the API1078 resin, in its pristine form, could effectively function
as a high-performance protective coating in applications requiring harsh-environment and hightemperature operating conditions.
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CHAPTER V
FORMING SUPERHYDROPHOBIC/SUPERHYDROPHILIC SURFACE WITH
ELECTROLESS NANOPARTICLE DEPOSITION AND PERFLUORINATED
POLYMER SURFACE MODIFICATION
This work will be submitted for publication: Caldona, E. B.; Brown, H. O.; Wipf, D. O.;
Smith Jr., D. W. Forming superhydrophobic/superoleophilic surface with electroless nanoparticle
deposition and perfluorinated polymer surface modification. Ind. Eng. Chem. Res. 2020.
5.1

Abstract
Much recent research on superhydrophobic/superoleophilic materials is focused on

simplified methods of fabrication. In this study, a superhydrophobic surface was prepared by
coating a Cu metal sheet with silver nanoparticles via immersion in an aqueous AgNO3 solution,
followed by dip-coating with Nafion. The simple fabrication process takes less than 40 min to
complete. The as-prepared coated sample possessed low surface energy and exhibited surface
roughness with nano- and micro-hierarchical features. Due to its extreme anti-wetting property,
the coating showed protective properties against corrosive media as evidenced by
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization measurements.
In addition to water repellency, the coating, when applied to a Cu metal mesh, also displayed
superoleophilicity such that it permitted the passage of oil through the mesh openings. Thus, the
coated mesh acts as a separation membrane, which is useful in oil/water separation applications.
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5.2

Introduction
Wettability of a coating material is highly dependent on its surface free energy and

topology.1–6 Low-surface-energy materials with flat or smooth surfaces display poor water
spreadability and are hydrophobic. Specific surface roughening can modify wettability, which,
based on Wenzel and Cassie-Baxter models, results in increased hydrophobicity. According to
Wenzel,7 water droplets follow the roughened surface by filling microscopic grooves and
subsequently adhering. Conversely, Cassie and Baxter8 argued for the existence of air pockets,
where the droplet does not fill the groove spaces, but rather, sits on the roughness spikes. In both
cases, the anti-wetting effect is geometrically enhanced and higher contact angles (CA) are
observed. Accordingly, these wetting regimes form the backbone for studying superhydrophobic
surfaces, from which properties1,2,9–12 like anti-fouling, anti-freeze, corrosion resistance, and selfcleaning are acquired due to their strong water repellency (CA  150).
Superhydrophobicity is observed in bird feathers, insects, and plants.13,14 The lotus leaf15
is known for its naturally superhydrophobic surface, where water forms nearly spherical droplets
that easily roll off the surface. Such anti-wetting behavior is caused by microscopic bumps on the
leaf surface with rough, hair-like nanoscale protrusions covered by a low-surface-energy waxy
secretion.15,16 It is these features that inspired the design and fabrication of past and current
artificial superhydrophobic surfaces,1,2,4,9,11,12 all of which involve increasing the surface
roughness and reducing the surface free energy. Plasma etching, layer-by-layer assembly,
lithography, sol-gel, electrospinning, and chemical/physical vapor deposition are among the most
notable approaches13,14,17,18 for creating rough surfaces exhibiting superhydrophobicity. While
these preparation techniques may be elegant, some of them may involve harsh experimental
conditions, multistep procedures, or use of specialized reagents and instrumentation. Likewise,
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many current practical applications requiring self-cleaning and chemical-resistant surfaces
demand simple and quick methods of fabricating superhydrophobic surfaces.
Electrochemical deposition13,14 is a simple and versatile technique for fabricating
superhydrophobic corrosion-resistant surfaces, where a thin coating layer is deposited on
electrically conductive surfaces from a solution containing ionically charged particles.
Advantages of electrodeposition are its low cost, reproducibility, ease of control, and
rapidness.13,14,18 Compared to other methods, electrodeposition also offers a feasible approach of
controlling deposit growth, allowing the manipulation of surface morphology and roughness,
even on large surfaces, by tuning the deposition time and other related parameters.17 Yang et al.1
prepared corrosion-inhibitive superhydrophobic coating by direct current electrodeposition of a
myristic-acid-modified nickel film on copper (Cu) metals. Liu et al.2 also used Cu substrates, on
which superhydrophobic chemically-modified cerium coatings were electrodeposited for
corrosion protection. Darmanin and Guittard3 fabricated a superhydrophobic fiber-mat-like
structure on gold surfaces by electrodeposition of electrically conductive fluorinated poly(3,4ethyleneoxythiathiophene) using cyclic voltammetry.
Among commonly used electrodeposition techniques, electroless galvanic deposition of
metals is the most straightforward as it employs a redox reaction, where more noble metallic ions
from aqueous solutions are reduced and deposited onto a metallic substrate in the absence of
external current source.19 The process is relatively flexible as the selection of metal pairs
depends on their redox potentials, allowing spontaneous deposition of a metallic coating.
Electroless deposition is also beneficial for different applications as it produces continuous and
uniform coatings, which are, otherwise, difficult to obtain using other techniques.19 Shi et al.4
fabricated superhydrophobic surface with flower-like structures on zinc plates by electroless
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deposition of Cu film and subsequent surface modification by dodecanethiol. Ogihara et al.5 also
used electroless deposition to prepare superhydrophobic nickel-boron films, modified with
trimethylsiloxysilicate, on Cu substrates.
In our study, we prepared a water-repellent surface by using electroless deposition to coat
a Cu metal substrate with a rough textured layer of Ag by immersion in aqueous AgNO3
solution. Despite its corrosion susceptibility, Cu is widely used in various applications due to its
excellent electrical conductivity, heat resistance, malleability, ductility, and fine physical
appearance.1,2,20 Hence, protecting Cu from corrosion is important. NafionTM, a perfluoroionomer by DuPont composed of tetrafluoroethylene (TFE) backbone and sulfonate-terminated
side chains, was used as a topcoat on the textured Ag-coated Cu substrate. Nafion is used in
many industrial applications such as chlor-alkali and hydrogen fuel cell membranes due to its
good chemical, mechanical, and thermal stability.21–23 Its hydrophobic TFE backbone induces a
low-energy surface, while its sulfonate groups can coordinately interact with the metal-coated
substrate, giving a protective adsorptive layer.24,25 Thus, its function as a surface modifier is
significant as it renders the entire coating superhydrophobic. Several studies involving the use or
inclusion of Nafion in corrosion-resistant or water-repellent coatings have been reported in the
literature. Kinlen and Silverman21 coated aluminum and stainless-steel surfaces with annealed
Nafion films to combat crevice and pitting corrosion. Song et al.26 prepared corrosion-resistant
organic coatings containing Nafion and dimethyl sulfoxide on magnesium alloy with different
surface densities. Sazou and coworkers22,23 fabricated composite films composed of Nafion and
electrodeposited polyaniline for corrosion protection of stainless steel. Choi and Park6 combined
graphene and Nafion to form a nanohybrid superhydrophobic film with micro- and nanoscale
roughness.
146

Further, we demonstrate that our prepared superhydrophobic surface is also
superoleophilic, in which oil completely spreads over its surface (CA 0) on contact. A
superhydrophobic/superoleophilic surface is characterized by a surface energy lower than that of
water, but higher than that of oil.27,28 Such dual wetting behavior can also be illustrated by the
significant difference in surface tension between oil and water, in which separation between the
two liquids can be realized.9,10 Therefore, we aim to show, for the first time, the capability of our
fabricated water-repellent Nafion/Ag (NFAg) coating to resist corrosion and separate mixtures of
oil and water.
5.3
5.3.1

Experimental section
Materials
Pure Cu plates, with dimensions of 2.5  1.8  0.06 cm, were used as the substrates for

the electrochemical experiments. Cu wire gauze (100-mesh, 4.0  4.0 cm), obtained from Alfa
Aesar, was used as the substrate for oil/water separation experiment.
99.8% pure anhydrous acetonitrile (ACN) and  99.9% pure acetone (HPLC Plus) were
purchased from Sigma-Aldrich. 10 mM AgNO3 solution was made by dissolving solid AgNO3
crystals (Sargent-Welch) in 18.0 M cm resistivity deionized water. Nafion perfluorinated resin
solution (Sigma-Aldrich) was used to make 10 mM Nafion solution in 2-propanol (Laboratory
Grade, Fisher Scientific). Aqueous HCl solutions (pH 1 and 4) and NaOH solutions (pH 10 and
14) were prepared by dilution of 12.1 N HCl (Fisher Scientific) and dissolution of ACS reagent
NaOH pellets (Acros), respectively. ACS Grade solid NaCl crystals (99.0% purity, VWR) were
used to prepare 0.5 M NaCl aqueous solution and solutions of varying ionic strengths.
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Apart from water, different household liquids such as chocolate drink, milk, coffee, soy
sauce, orange juice, and soda (or soft drink) were also used in the CA measurement.  98.5%
pure hexane (ACS reagent) and other commercially available oils such as kerosene, petroleum
ether, gasoline, and cooking oil were used in the oil/water separation experiment.
5.3.2

NFAg coating preparation
A Metaserv Grinder-Polisher (Buehler) was used to grind the Cu substrates with 240,

400, 800 SiC paper prior to coating. The ground substrates were washed and sonicated in acetone
for 10-15 min, and air-dried.
The polished Cu substrates were first coated with Ag nanoparticles by immersion in 10
mM AgNO3 solution for different times. After drying, the Ag-coated substrates were dipped in
10 mM Nafion solution in 2-propanol and remained immersed in the solution for 5 min prior to
withdrawal. The resultant Nafion/Ag-coated substrates (NFAg) were then dried in air at 120 C
for 30 min. Pure Ag- and Nafion-coated (NF) substrates were also prepared separately for
comparison.
5.3.3

Characterization
Fourier transform infrared (FTIR) spectra, at an average of 128 scans and nominal

resolution of 4 cm−1, were obtained using a Nicolet iS5 FTIR spectrometer. Energy-dispersive xray (EDX) was done using an X-max 80 EDX detector (Oxford Instruments). Scanning electron
microscopy (SEM) was performed on a JEOL 6500F Field Emission SEM at 15 kV, while
atomic force microscopy (AFM) was done on a Bruker Dimension Icon atomic force
microscope. Contact angle (CA) experiment was done on a Tantec CA meter with a macro lens
camera. CA values were evaluated using ImageJ.
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Electrochemical experiments were conducted in a three-electrode cell using Pt, saturated
calomel electrode (SCE), and metal substrate, as counter, reference, and working electrodes,
respectively. An active surface area of roughly 7.5 cm2 for the working electrodes was exposed
to the test solution (0.5 M NaCl). A Solartron SI 1250 frequency analyzer was used to perform
electrochemical impedance spectroscopy (EIS) using frequency range of 100 mHz to 60 kHz and
a 10-mV excitation voltage about the open-circuit potential (OCP). A Solartron Analytical
1470E potentiostat/galvanostat was used to acquire potentiodynamic polarization curves from –
0.25 to +0.25 V versus SCE about the OCP at a scan rate of 2.0 mV s–1. ZView (Scribner
Associates) was employed to fit the EIS data to equivalent electrical circuits (EEC), while
CView (Scribner Associates) was used to extract corrosion potentials (Ecorr) and current densities
(Icorr) via extrapolation of the anodic and cathodic linear regions of the Tafel plots.
Oil/water separation experiments were performed on a setup consisting of NFAg-coated
mesh as a separation membrane fastened between two glass adapters with a metal clamp.
Different mixtures of oil and water were introduced at the opening of the top adapter, while a
small beaker was placed directly below the setup to collect any oil that passes through the coated
mesh.
5.4
5.4.1

Results and discussion
FTIR spectroscopy
FTIR spectroscopy was performed to identify the functional groups that characterize the

structure of the NFAg coating. The spectrum for the pure NF coating in Figure 5.1a shows the
characteristic peaks of a perfluorinated polymer:23,29 O–H stretching near 3500 cm-1, CF2
asymmetric and symmetric stretching at 1200 and 1140 cm−1, respectively, S–O stretching at
1060 cm−1, and symmetrical C–O–C stretching at 982 and 970 cm−1. The peak at 1300 cm−1,
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attributed to S=O, is almost obscured by the nearby strong C–F vibration bands.29 All these
bands are generally in good agreement with those observed in the spectrum for NFAg coating.
Note that Ag may be detected from spectral changes of adsorbed molecules on their surface.30
Such phenomenon is shown by the O–H broad band shift near 3500 cm-1 in the NF spectrum to
lower wavenumber (i.e. 3300 cm−1) in the NFAg spectrum, accompanied by an overall decrease
in the absorption band intensities. These changes may be attributed to the NF film adsorption on
the Ag surface as a result of a probable O–H group participation in metal-oxygen binding.25 The
spectra for the bare and Ag-coated Cu substrates, which do not exhibit any relevant FTIR peaks,
are also shown for reference.
5.4.2

EDX spectroscopy
The EDX spectra in Figure 5.1b shows the elemental composition of the samples and

confirm the presence of Ag in NFAg coating. The Cu peaks in the coated substrates are due to
the underlying Cu substrate, while the Pt peaks are attributed to the Pt coating applied to the
samples to avoid electrical charging. The Cu substrate purity is seen from the lack of other
elements (aside from the Pt peaks) in the uncoated sample, whereas the presence of Ag in the
spectrum of the metal-coated Cu indicates successful electrodeposition of Ag metal particles on
Cu surface. The spectra for both NF- and NFAg-coated samples identified characteristic peaks
associated with Nafion’s elemental composition with the Ag peak confirming its presence in
NFAg.

150

(a)

(b)
F

～3500

F F
m

Transmittance

F

F

O

Ag

NF

NFAg

F
F

F
F3 C

Uncoated

n

F
F

Nafion
F F

O

F

F

S

O

OH
O

Uncoated
Ag
NF
NFAg

982,
972
1060

～ 3300

4000

4000

3500 4000
4000

3500

30003500
3500

Figure 5.1

25003000

3000

20002500

Wavenumber,
3000
2500

1200

1140

15002000

10001500

-1
cm
2000

1500

1000
1000

(a) FTIR and (b) EDX spectra of the uncoated and coated Cu substrates.

Insets in (a) show structure of Nafion and O–H band shift in NFAg spectrum.

5.4.3

Wettability and microscopy studies
Contact angle (CA) measurements indicate the surface wettability of the samples, while

SEM and AFM imaging examine the surface morphologies and formation of surface roughness,
which correlate to the wetting properties of the samples. CA values of water and surface images
are depicted in Figure 5.2a and 5.3, respectively. The morphology of the uncoated Cu presents a
moderately smooth surface with scratches and abrasion lines from polishing, and a small rootmean-square roughness (Rq) value of 17.7 nm. The Cu surface is hydrophilic (CA = 72  3)
and is easily wetted. The NF coating on Cu produces a hydrophobic surface with a CA of 103 
2, which is consistent with literature values.24,31,32 Such wettability reduction can be attributed
to the continuous fluorine-rich TFE phase that lowers the surface free energy of the coating.24
Although a slightly higher Rq of 36.8 nm was obtained, no significant change in surface
roughness was observed for the NF coating, as evidenced by its SEM image, which reveals a
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relatively smooth polymeric film. In contrast, the Ag-coated substrate shows a much higher
surface roughness (Rq 187 nm), characterized by randomly distributed and interconnected Ag
particles (50 nm in diameter), which form a surface of micro- and nanoscale hierarchies. The
formation of Ag particles on Cu surface is a galvanic exchange reaction:

Cu + 2Ag + → 2Ag + Cu2+

(5.1)

in which Ag+ oxidizes Cu metal to form Cu2+, while Ag+ ion is reduced to its elemental form,
followed by the processes of nucleation, adsorption on the Cu substrate, growth, and branching
to form particles.4 The increased roughness of the Ag-coated surface produces a higher CA of 91
 2 but the hydrophobicity is limited by the porosity, in which water droplets can fill the
microscopic grooves and be absorbed easily. The presence of a low surface energy coating that
covers a rough surface can overcome this issue, while further enhancing hydrophobicity.
Accordingly, modification by NF on Ag-coated substrate (NFAg) resulted in much higher CA
values as shown in Figure 5.2a. In addition, varying the immersion time for Cu substrate in
AgNO3 provides opportunity for optimizing both the anti-wetting property and coating
preparation time.17 For instance, the CA for NFAg-coated Cu increased from 144  3 to 157 
1 as the duration of immersion was varied from 30 to 125 s, followed by subsequent decrease
upon further time extension, which may be due to particle agglomeration that leads to
corresponding decrease in surface roughness. To streamline the coating fabrication, we
considered 85 s as the optimum deposition time that generates sufficient roughness (Rq 195 nm)
to give a reasonable superhydrophobic characteristic (CA = 155  1). This also means that the
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NFAg coating investigated throughout our study involves an 85-s AgNO3 immersion time in its
fabrication process.

(a) 165
150

Superhydrophobic
Hydrophobic

CA, °

135
120
105
Hydrophobic
Hydrophilic

90
75
60

a
co
Un

te

Ag

d

NF

30

s

60

s

85

s

5
10

s

5
12

s

0
15

s

0
17

s

NFAg with different immersion times in AgNO3

(b)

(c)

160
Superhydrophobic

150

152 ± 1°

Hydrophobic

Soy sauce

Chocolate drink
Water

CA, °

Milk
155 ± 1°

140
152 ± 1°

130
120
1

4

7
pH

Figure 5.2

152 ± 2°
Orange juice

10

14

1.4

2.8

4.2

151 ± 1°

Coffee

Soda

152 ± 1°

155 ± 1°

5.6

Ionic strength, M

Water CA (a) for the uncoated and coated samples; (b) with different pH values
and ionic strengths on NFAg. (c) CA of different household liquids on NFAgcoated mesh. Insets show real droplet shapes.

153

Uncoated
Rq ～ 17.7 nm

Figure 5.3

Ag
Rq ～ 187 nm

NF
Rq ～ 36.8 nm

NFAg
Rq ～ 195 nm

SEM and three-dimensional AFM images, with inset of corresponding high
magnification images and Rq values, respectively, for the uncoated and coated Cu
substrates.

To demonstrate that NFAg-coated substrates possess good chemical resistance, CA of
solutions with varying pH from 1 to 14 and different ionic strengths were measured and the
results are shown in Figure 5.2b. All measured CA values were greater than 150, implying that
NFAg exhibits good resistance towards strong acidic, basic, and electrolyte solutions. Further,
Figure 5.2c shows a photograph of spherically-shaped droplets of different household liquids
placed on NFAg-coated mesh, alongside their corresponding CA values, which were all above
150. It was also observed that these liquid droplets rolled off easily upon slight surface
movement or tilt. These results not only suggest potential use of the coating in harsh conditions,
but also in various everyday-life applications. Again, such anti-wetting behavior is attributed to
the synergistic effect of hierarchical roughness structure formed by Ag nanoparticle deposition
and low surface energy modification by NF. As explained by Cassie and Baxter,8 such multiscale
roughness feature, as evidenced by the SEM and AFM images in Figure 5.3, may contain air
pockets that prevent water intrusion into the grooves, thereby imparting superhydrophobicity,
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where the contact area of the droplet with the substrate surface is minimized. As a result, droplets
placed on the surface form nearly spherical shape and roll off even with the slightest surface
disturbance.
5.4.4

EIS study
The protective characteristics of the coatings were evaluated by measuring impedance at

frequencies ranging from 100 mHz to 60 kHz using voltage perturbation of 10 mV about the
OCP. The EIS data, which were plotted in the Nyquist and Bode diagrams, provide insights on
the robustness and electrochemical behavior of the coatings.33 The Nyquist diagram is a plot of
the real Z’ versus imaginary Z” impedance and the Bode diagram shows plots of impedance
modulus |Z| and phase angle 𝜃, both against logarithmic frequency f. The Nyquist and Bode plots
after 1 and 7 d of sample immersion in 0.5 M NaCl solution are displayed in Figure 5.4. The
impedance parameters, which explain the degree of coating protection and electrochemical
activity at the coating-metal interface,34 as function of immersion time, are tabulated in Table 5.1
and were acquired by fitting the obtained EIS spectra into equivalent electrical circuit (EEC)
models shown in Figure 5.4. The constant phase element (CPE) is an electrical parameter that
depicts non-ideal capacitance35 arising from coating nonuniformity, surface irregularities, and
interfacial corrosion, which are generally indicated by depressed semicircles in the Nyquist
diagram.36,37 The corresponding impedance is estimated by:35

𝑍CPE = 𝑌o−1 (𝑗𝜔)−n
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(5.2)

where 𝑌𝑜 is a proportionality CPE factor, 𝑗 is an imaginary parameter such that j2 = –1, 𝜔 refers
to the angular frequency, and n is a CPE exponent (0  n  1) accounting for pure capacitance
deviation.

Figure 5.4

(a) Nyquist and (b) Bode magnitude and phase angle plots for the uncoated and
coated samples after 1 and 7 d of immersion in 0.5 M NaCl solution, with
equivalent circuits.

Uncoated and coated samples follow Models A and B, respectively. Insets in (a) show Nyquist
plots for uncoated Cu, Ag, and NF. Solid lines represent fitted data.
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The shape of the Nyquist plots for the uncoated Cu is a single depressed semicircle,
characterized by a dominant capacitive-resistive behavior and Randles equivalent circuit (Model
A) involving a series connection between solution resistance (Rs) and parallel pair of charge
transfer resistance (Rct) and double layer capacitance (CPEdl). Without any protection, the
corresponding Bode magnitude plot of bare Cu showed a low |Z|0.1Hz value of 49.8  cm2 after
1 d of immersion, which further decreased to 8.29  cm2 upon an extended 7-d exposure.
Conversely, the Bode 𝜃 plots reveal one time constant throughout the whole immersion period
near the mid-frequency region with –𝜃 values decreasing from 50 to 34 due to corrosion. The
Nyquist plots for the coated substrates, on the other hand, are characterized by electrochemical
features, which, based on their EEC (Model B), correspond to two time constants: the Rc-CPEc
pair, representing the coating layer35 (where Rc and CPEc are the coating resistance and
capacitance, respectively), and the Rct-CPEdl pair, depicting the charge-transfer activity at the
coating-metal interface.38
Compared to the uncoated substrate, the Rct values for the coated substrates in Table 5.1
were much higher even after 7 d of immersion in NaCl solution, indicating that the coatings were
able to decrease the charge-transfer at the coating-metal interface. In general, Rct evaluates the
degree of corrosion across the coating-metal interface, where greater Rct values correspond to
slower corrosion or oxidation rates.39 Among the coated substrates, NFAg exhibited the highest
Rct value reaching as high as 3.5  0.1 k cm2 after 7 d, which is roughly 8 times larger than
those for Ag- and NF-coated substrates. This result is an implication that modification of Agcoated sample with NF can greatly lower the electron-transfer rate and delay metal oxide
formation at the coating-metal interface. Its lower CPEdl values also complement this result such
that electrical charges are prevented from accumulating at the interface,35 subsequently slowing
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down the formation and dissolution of corrosion-produced metal hydrates and hydroxides.
Further, such analysis can be correlated to its high |Z| values brought about by low CPEc and
high Rc values. Low CPEc values have been related to a lower degree of water permeation,35
while large Rc values correspond to (1) minimal formation and presence of electrically
conducting paths across the coating layer caused by electrolyte diffusion and (2) minor coating
delamination.36 While the presence of electrochemical activities at the coating-metal interface is
evident, its |Z|0.1Hz value, which stayed higher at 1.08 k cm2, compared to those for Ag- and
NF-coated only substrates, after 7 d of immersion, suggests that such activities may be
superficial and have minor effect on its protective property. Again, such corrosion resistance by
NFAg can be credited to the combined effect of surface roughness brought by Ag nanoparticles
and low surface energy by NF, producing a superhydrophobic barrier. This effectively protects
the underlying Cu substrate by delaying water diffusion through the coating and retarding the
charge-transfer reactions at the coating-metal interface.
Smaller Rc and larger CPEc values for Ag- and NF-coated substrates, on the other hand,
imply possible coating deterioration as a result of continuous water penetration, which generates
various ionically conducting conduits for the electrolytes to permeate the coating. For instance,
the Ag-coated substrate, in which the coating is solely composed of randomly but hierarchically
deposited metal nanoparticles, is relatively porous and corrosive ions could easily reach the Cu
substrate surface by infiltrating the void spaces generated within the nanoparticle layer.
Likewise, prolonged immersion of NF in NaCl solution may orient the sulfonate side chains
towards the surface to contact water, allowing it to diffuse into the coating and cause swelling
underneath.24 As a consequence, the coating may slowly rupture due to excessive water
absorption, permitting the entry of electrolytes into the Cu surface. In both cases, lower Rct and
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higher CPEdl values are obtained, where the diffused water carrying aggressive electrolytes
maximizes the spread of electrical charges across the interface and promotes enhanced chargetransfer activities. Moreover, such phenomenon can be evidenced by the presence of an
additional time constant in the Bode magnitude plots for Ag- and NF-coated substrates at low
frequency region.
Table 5.1

Impedance parameters acquired from data fitting for the uncoated and coated
samples after 1 and 7 days of exposure to 0.5 M NaCl solution.
Uncoated

After 1 d
Rs ( cm2)
CPEc :
Yo  103 (-1 cm-2 sn)
n
Rc ( cm2)
CPEdl :
Yo  103 (-1 cm-2 sn)
n
Rct ( cm2)

2
After 7 d
Rs ( cm2)
CPEc :
Yo  103 (-1 cm-2 sn)
n
Rc ( cm2)
CPEdl :
Yo  103 (-1 cm-2 sn)
n
Rct ( cm2)

2

Ag

NF

NFAg

1.4  0.3

2.1  0.1

0.89  0.01

3.4  0.1

–
–
–

1.5  0.1
0.81  0.01
66.3  3.1

2.5  0.7
0.66  0.03
10.3  5.0

0.15  0.01
0.83  0.01
264.1  31.1

1.8  0.1
0.75  0.01
49.7  3.4
3  10−4

5.9  0.1
0.79  0.01
215.5  5.5
1  10−3

1.7  0.7
0.65  0.04
678.5  39.4
6  10−4

1.3  0.1
0.44  0.05
1589.0  332.4
3  10−4

1.5  0.2

1.6  0.1

1.7  0.1

2.5  0.1

–
–
–

3.3  0.2
0.53  0.01
103.8  8.0

0.22  0.05
0.92  0.02
2.9  0.3

1.1  0.1
0.76  0.01
939.5  184.1

4.8  0.1
0.84  0.01
6.8  0.4
4  10−4

4.7  0.3
0.97  0.01
466.0  77.8
1  10−3

4.3  0.1
0.61  0.01
377.1  10.5
3  10−4

0.15  0.02
0.93  0.04
3503.0  142.4
6  10−4
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5.4.5

Potentiodynamic polarization experiment
Potentiodynamic polarization experiment was performed by cathodically and anodically

scanning the potential from –0.25 to +0.25 V about the OCP to generate Tafel curves for the
samples, from which relevant electrochemical parameters including Icorr and Ecorr can be
extracted. The protection efficiency (PE), which measures the ability of the coated substrates to
resist corrosion, was calculated based on the corrosion current density of the uncoated and coated
Cu substrates, designated as Icorr,u and Icorr,c, respectively:

PE% =

𝐼𝑐𝑜𝑟𝑟 𝑢 − 𝐼𝑐𝑜𝑟𝑟 𝑐
× 100 %
𝐼𝑐𝑜𝑟𝑟 𝑐

(5.3)

The resulting polarization curves and Tafel parameters for the samples extracted after immersion
in 0.5 M NaCl solution for 1 and 7 d are displayed in Figure 5.5 and summarized in Table 5.2,
respectively.

Figure 5.5

Tafel polarization curves for the uncoated and coated substrates after 1 and 7 d of
immersion in 0.5 M NaCl solution.
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After a 1-d immersion, Ecorr values for the uncoated, Ag-, and NF-coated substrates were
found to be –291.6  2.0, –289.8  2.6, and –263.0  3.7 mV, respectively. Ecorr is a
thermodynamic measure for the propensity of the substrate to corrode, that is, less corrosion
tendency is predicted for more positive Ecorr values.40 Therefore, the positive Ecorr shift indicates
the protection capability of the deposited Ag nanoparticle and NF coatings. Also, the Tafel plots
for Ag and NF coatings displayed lower cathodic and anodic currents, with measured Icorr values
of 9.6  1.9 and 2.5  0.6 A cm−2, respectively, smaller than that of the uncoated substrate (i.e.
27.6  3.4 A cm−2). The lower Icorr values, corresponding to slower metal oxidation or corrosion
rates,40 can be credited to the ability of the coatings to protect the underlying Cu metal and delay
the intrusion of water, oxygen, and electrolytes into the coating-metal interface. For instance, the
randomly stacked Ag nanoparticles create a barrier of micro- and nanoscale pores, which provide
tortuosity for the aggressive species. On the other hand, the protection offered by NF may be
attributed to the perfluorinated polymer’s strong C–F bonds and anion rejection property,21
which blocks the entry of localized-corrosion causing chlorides into the coating-metal interface.
However, the shape of the Tafel anodic branch for NF from −245 to −220 mV indicates the
formation of a passive layer across the interface,39 which may have been caused by the diffusion
of other species such as water and oxygen. It is noteworthy that this passivation, which may had
contributed added protection, was marked by a quick current decrease corresponding to a loss of
electrochemical reactivity beneath the coating layer. Furthermore, such phenomenon can also be
evidenced by a higher Rct value of 678.5  39.4  cm2 for NF, compared to 215.5  5.5  cm2
by the Ag-coated substrate, after 1 d of immersion.
Corrosion resistance can be improved significantly by combining the effects of surface
roughness and low-surface energy characteristics by Ag nanoparticles and NF, respectively, to
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form a superhydrophobic coating. Table 5.2 shows that NFAg exhibited the lowest Icorr (0.05 
0.01 A cm−2) and most positive Ecorr (−244.4  1.2 mV) values after 1 d of exposure to NaCl
solution. This protection enhancement is caused by the coating’s micro- and nanostructured
surface with hierarchical roughness and porosity containing trapped air that minimizes the
contact of water with the surface.8 In addition, electrolyte diffusion through these air pockets
may be sluggish because of very low diffusion coefficient for water in air.
Table 5.2

Tafel parameters for the uncoated and coated substrates after 1 and 7 d of
immersion in 0.5 M NaCl solution.
Icorr
A cm−2
After 1 d
Uncoated
Ag
NF
NFAg
After 7 d
Uncoated
Ag
NF
NFAg

−Ecorr
mV vs. SCE

Corrosion rate
mm year−1

PE
%

27.6  3.4
9.6  1.9
2.5  0.6
0.05  0.01

291.6  2.0
289.8  2.6
263.0  3.7
244.4  1.2

0.32
0.11
0.03
5.5  10−4

–
65.2
90.8
99.8

34.3  3.0
9.9  2.3
3.3  0.3
1.4  0.2

293.1  2.5
265.3  3.5
267.6  3.7
244.8  1.3

0.40
0.12
0.04
1.0  10−3

−24.1
64.0
87.9
94.9

The protective properties of the coated samples were further investigated by analysis of
the resulting Tafel curves after immersion in NaCl solution for 7 d. The corresponding SEM
images and EDX spectra of the substrates are shown in Figure B.1 in Appendix B. Uncoated Cu
substrate displayed Ecorr shift to −293.1  2.5 mV and Icorr increase to 34.3  3.0 A cm−2,
corresponding to a 24.1% increase in corrosion rate. This result is also shown by a change in its
surface morphology, revealing formation of corrosion products, which may be composed of
copper oxides and chlorides, as evidenced by the appearance of O and Cl element signals in its
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EDX spectrum. For the Ag-coated substrate, Ecorr and Icorr values changed to −265.3  3.5 mV
and 9.9  2.3 A cm−2, respectively, with a low PE% of 64.0%. The corresponding SEM image
showed localized dark spots, which may be associated with pitting corrosion caused by metal
oxidation and diffusion of chloride ions, as depicted by the rise of O and Cl peaks, respectively,
in its EDX spectrum. Extended immersion of NF, on the other hand, causes Ecorr to shift to
−267.6  3.7 mV and Icorr to increase to 3.3  0.3 A cm−2. These results were also coupled by a
decrease in F peak, with equivalent increase in O EDX peak, perhaps, attributed to the
defluorination (e.g. oxidation and hydrolysis) of loosely bound F atoms as a result of prolonged
water immersion. Such phenomenon for fluorinated polymeric coatings has been observed in the
literature.41,42 In addition, the change in shape of the anodic polarization curve after 7 d implies
possible breakdown of the passivating film,39 which causes acceleration in the charge-transfer
activities at the coating-metal interface and drop of PE% from 90.8% to 87.9%.
In contrast, the NFAg-coated Cu showed slight decrease in performance as evidenced by
its Ecorr of −244.8  1.3 mV and Icorr of 1.4  0.2 A cm−2, equivalent to a minimal PE% drop
from 99.8% to 94.9%. In addition, no major changes in surface morphology or EDX spectrum
was observed after 7 d of immersion. Again, these results demonstrate that the dissolution of Cu
substrate is restrained due to the anti-wetting property of NFAg, in which water diffusion is
delayed and oxygen at the coating-metal interface is minimized, thereby limiting the occurrence
of cathodic reaction. Moreover, the capability of NF to reject chloride ions,21 as evidenced by the
absence of Cl peaks in the spectra for NF and NFAg (Figure B.1), prevents pitting corrosion and
formation of crevices at the metal interface.
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5.4.6

Surface morphology and wettability of coated mesh
(a)

(b)

(c)

(d)

(e)

Figure 5.6

SEM images with 100 m scale bar (inset: corresponding high magnification
images with 10 m scale bar) of (a) uncoated and (b) NFAg-coated mesh. (c) High
magnification SEM images of (b) with scale bars of 1 m and 100 m (inset).
Screenshots of water rolling off the (d) tilted NFAg-coated mesh, demonstrating
(e) self-cleaning property.

The surface morphology of the Cu mesh before and after coating with NFAg was
examined by SEM. As shown in Figure 5.6a, the morphology of the uncoated mesh, having
approximately 150-m openings, is characterized by evenly spaced and knitted Cu wires with
smooth surface, while the SEM image of the coated mesh wires in Figure 5.6b showed uniformly
textured NFAg coating across the whole surface. Note that the mesh openings were not blocked
by the coating, thereby, ensuring free air passage. In addition, assembly of very small ball- and
peak-like structures as a result of Ag nanoparticle build-up can be seen in Figure 5.6c, which
164

brings multiscale surface roughness over the Cu mesh. Such micro- and nanoscale hierarchical
surface features are responsible for (1) low sliding angles, allowing easy removal of collected
water on the surface by gravity through a slight surface tilt or inclination,1,11 and (2) self-cleaning
property, where dust particles on the surface can be easily carried away by the rolling motion of
water droplets.2,12 Both of these observations are illustrated in a series of screenshots in Figure
5.6d and e, respectively.
5.4.7

Oil/water separation experiment
Both superhydrophobicity and superoleophilicity were demonstrated by introducing

water (dyed with blue for clarity) and five different oils—kerosene, hexane, petroleum ether,
gasoline, and cooking oil, separately onto the NFAg-coated mesh clamped between two glass
adapters. As shown in Figure 5.7a, water was held and remained on the coated mesh, while
kerosene (Figure 5.7b) was allowed to pass through the mesh openings by gravity. Screenshot
experiments for hexane, petroleum ether, gasoline, and cooking oil can be seen in Figure B.2.
This dual wettability can be described by the Wenzel wetting mode,7 whereby surface
roughening increases the water CA for hydrophobic materials but decreases for hydrophilic ones.
The same analogy can also be applied for oil wetting in oleophobic (oil-repellent) and oleophilic
materials, respectively. Since Nafion has low surface energy, the presence of surface roughness
increases the CA for water, but decreases that for liquids (e.g. oil) with lower surface energy.
Such wetting behavior also confirms that the surface energy of NFAg lies between that of water
and oil.
The coexistence of these two wetting properties implies that the NFAg-coated mesh can
be used as a membrane for separating oil from water. Prior to introducing the liquids onto the
coated mesh, the oils were first mixed with water in equal proportions to form bilayer (or
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immiscible) mixtures and then shaken. The video frames sequentially displayed in Figure 5.7c
(for kerosene) and Figure B.3 (for other oils) revealed that the oils were able to pass through the
coated mesh, while water was hindered and collected atop. Again, these observations can be
explained by the simultaneity of superhydrophobicity and superoleophilicity exhibited by the
NFAg-coated mesh, where the former is represented as barrier against water, while the latter as
doorway for oil to permeate the mesh.

(a)

(b)

(c)

Figure 5.7

Screenshots showing the (a) superhydrophobicity and (b) superoleophilicity of the
coated mesh by blocking water and allowing kerosene to pass through,
respectively, and (c) oil/water separation experiment as a mixture of water and
kerosene is poured onto the coated mesh

In the same illustrated separation experiment for oil and water, the separation efficiency
of the coated mesh was measured via the use of acetonitrile (ACN) and FTIR measurements. The
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oils that screened through the mesh were collected and an equivalent volume of ACN was added
to extract water that might have gone with the oil. Note that only water (not oil) is miscible in
ACN. FTIR spectra of ACN (Figure 5.8a), now containing water, were acquired after complete
separation between the ACN and oil layers. The peaks extending from 3200 to 3700 cm-1 are
assigned to the O–H stretching of water molecule. Calibration curves for the oil/water systems
were also prepared by (1) mixing ACN with different oils containing 0, 0.1, 1, 2, 3, 4, and 5
vol% water, (2) obtaining the FTIR spectra of ACN with water, and (3) plotting the
transmittance observed at 3600 cm-1 against water concentration (vol%) in ACN. The spectrum
for ACN mixed with kerosene and the corresponding calibration curve are depicted in Figure
5.8b and c, respectively. The spectra and calibration plots involving other oils (i.e. hexane,
petroleum ether, gasoline, and cooking oil) can be found in Figure B.4.
Using the transmittance corresponding to 3600 cm-1 in the spectrum for ACN mixed with
the oil that passed through the coated mesh, the concentration of water in oil can be found, from
which the separation efficiency can be estimated. Also, the strong correlation (R2  0.99) and
linearity of the calibration plots make them suitable for separation efficiency determination. As
presented in Figure 5.8d, the NFAg-coated mesh demonstrated separation efficiencies higher
than 99% for all the oils tested, except for gasoline, where an efficiency of 97.7% was obtained.
This result can be attributed to the presence of small amounts of OH-containing polar additives
in gasoline,43 which may have also been extracted by ACN. Such hypothesis can also be
evidenced by a visible blue tinge in the beaker containing the separated gasoline from water in
Figure B.3c. Overall, the NFAg-coated mesh can be used effectively as membrane for oil and
water separation because of its superhydrophobicity, which functions by blocking the water, and
superoleophilicity, which works by permitting oil to pass through. These two wetting properties
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serve as key factors in achieving outstanding separation efficiencies and provide the coated mesh
with practical applications and utility in problems involving oil spill and contamination.
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(c) 100
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Figure 5.8

5.5

FTIR spectra of ACN (a) added to different oils that passed through the mesh in
oil/water separation experiment and (b) mixed with kerosene containing different
amounts of water. (c) Calibration curve for (b). (d) Separation efficiencies of the
coated mesh after water separation from different oils.

Conclusions
In conclusion, due to the versatile features exhibited by NFAg coating, which mainly

include superhydrophobicity and superoleophilicity, added surface characteristics such as
corrosion resistance, self-cleaning property, and oil/water separation capability were realized.
The coating water-repellency stems primarily from the combined results of surface roughness
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and low surface energy caused by Ag nanoparticle deposition and Nafion film coating,
respectively. The air contained between the micro- and nanoscale troughs formed by the
roughness minimizes the contact between the water and coating, thereby limiting water
penetration. As such, NFAg can be beneficial for protection of Cu surfaces against oxidation and
water splashes. The results obtained from impedance and potentiodynamic polarization
experiments revealed satisfactory corrosion protection performance even after extended exposure
to corrosive NaCl solution. Due to its superoleophilicity, NFAg-coated Cu mesh was also shown
to be effective at separating oil from water with separation efficiencies reaching as high as 99%.
Overall, with its quick and simple fabrication, NFAg is anticipated to be a promising coating
material for Cu metals for a wide variety of practical purposes.
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A.1

Synthesis details for the azole-based compounds
Compound 12i was synthesized (Figure A.1a) by combining 1,2-dibromobenzene (2.5

mL, 21 mmol), imidazole (3.5 g, 52 mmol), CuO (0.4 g, 5.2 mmol), K2CO3 (7.2 g, 52 mmol),
and DMSO (20 mL) in a 50-mL round bottom flask at 150 °C for 48 hours. CH2Cl2 (200 mL)
was added to the reaction mixture after the reaction was cooled down to room temperature. The
reaction mixture was filtered through basic alumina (40 g) and was washed with 10:1
CH2Cl2:isopropanol (200 mL). The resulting filtrate was concentrated in vacuo yielding a red oil.
The red oil is washed with EtOAc (2.0 mL) and sonicated for 3 minutes. An off-white solid (3.2
g, 74%) was collected in a fine frit. Spectroscopic data was identical to previously reported data.1

(a)

(b)

(c)

(d)

(e)

Figure A.1

Synthesis schemes for (a) 12i, (b) 13i, (c) 13t, (d) 1t, and (e) 1i.

Compound 13i was synthesized (Figure A.1b) using a procedure analogous to the
procedure for the synthesis of compound 12i with 1,3-dibromobenzene (2.5 mL, 21 mmol),
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imidazole (3.5 g, 52 mmol), CuO (0.4 g, 5.2 mmol), K2CO3 (7.2 g, 52 mmol), DMSO (20 mL),
basic alumina (40 g), CH2Cl2:isopropanol (10:1, 200 mL), and EtOAc (2.0 mL) to yield an off
white solid (3.4 g, 77%). Identical spectroscopic data compared to previously report2 were
obtained.
Compound 13t was synthesized (Figure A.1c) using a procedure analogous to the
procedure for the synthesis of compound 12i with 1,3-dibromobenzene (2.5 mL, 21 mmol),
1,2,4-triazole (3.6 g, 52 mmol), CuO (0.4 g, 5.2 mmol), K2CO3 (7.2 g, 52 mmol), DMSO (20
mL), basic alumina (40 g), CH2Cl2:isopropanol (10:1, 200 mL), and EtOAc (2.0 mL) to yield an
off white solid (2.9 g, 65%). Spectroscopic data was identical to previously reported data.2
Compound 1t was synthesized (Figure A.1d) using a procedure analogous to the
procedure for the synthesis of compound 12i with bromobenzene (5.0 mL, 48 mmol), 1,2,4triazole (4.3 g, 62 mmol), CuO (0.4 g, 4.8 mmol), K2CO3 (8.6 g, 62 mmol), DMSO (100 mL),
basic alumina (80 g), and CH2Cl2:isopropanol (10:1, 300 mL) to yield a yellow oil. The yellow
oil was then purified with column chromatography on silica gel eluting with DCM yielding a
light-yellow oil (5.5 g, 79%). Spectroscopic data was identical to previously reported data.3
Compound 1i was synthesized (Figure A.1e) using a procedure analogous to the
procedure for the synthesis of compound 1t with bromobenzene (5.0 mL, 48 mmol), imidazole
(4.2 g, 62 mmol), CuO (0.4 g, 4.8 mmol), K2CO3 (8.6 g, 62 mmol), DMSO (100 mL), basic
alumina (80 g), and CH2Cl2:isopropanol (10:1, 300 mL) to yield a yellow oil. The yellow oil was
then purified with column chromatography on silica gel eluting with DCM yielding a colorless
oil (5.9 g, 86%). Identical spectroscopic data compared to previously report3 were obtained.
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Figure A.2

Current-potential curves for MS in HCl solutions (a) in the absence and presence
of 12i, 13i, and 13t at different concentrations, and (b) in the presence of 13t, 13i,
12i, 1t, 1i, t, and i at a concentration of 850 M.

Figure A.3

(a) OCP and (b) Tafel curves for MS in the presence of 1t, 1i, t, and i at a
concentration of 850 M in HCl solution. The absence and presence of 850 M of
12i, 13i, and 13t is also shown for comparison.
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Table A.1

Tafel parameters and OCP values for MS in the presence of 1t, 1i, t, and i at a
concentration of 850 M in HCl solution.

a

mV decade−1
45.1  0.8
60.6  1.2
42.4  1.6
35.7  0.9

1t
1i
t
i

− c

mV decade−1
131.1  1.2
115.0  1.9
103.0  1.4
107.5  1.9

Icorr
A cm−2
713.5  6.7
1186.5  9.6
1323.2  14.8
1659.6  15.2

− Ecorr

− OCP

IE%

mV vs. SCE
211.5  0.6
221.6  1.0
186.7  1.0
187.2  0.6

mV vs. SCE
199.4  3.2
201.9  2.8
211.2  1.8
211.9  2.1

79.2
65.4
61.5
51.7

Figure A.4

Nyquist and Bode plots for MS in the presence of 1t, 1i, t, and i at a concentration
of 850 M in HCl solution. The absence and presence of 850 M of 12i, 13i, and
13t is also shown for comparison.

Table A.2

EIS parameters for MS in the presence of 1t, 1i, t, and i at a concentration of 850
M in HCl solution.

1t
1i
t
i

Rp
 cm2
25.7  0.1
16.9  0.1
14.4  0.1
11.5  0.1

Yo  104
−1 cm−2 sn
7.5  0.1
10.8  0.2
25.2  0.5
19.0  0.3

n
0.868  0.001
0.864  0.002
0.839  0.003
0.859  0.002
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Cdl
µF cm−2
412.6
575.3
1333.1
1015.5


ms
10.6
9.7
19.2
11.7

2

IE%

0.001
0.002
0.003
0.002

81.4
71.8
66.9
58.5

(a)

(b)

(c)

(d)

Figure A.5

EDX spectra for (a) polished and 4-h-exposed MS samples to (b) uninhibited, (c)
13i-inhibited, and (d) 13t-inhibited 1.0 M HCl solutions at 40 C.

Table A.3

Parameters used in the linear adjustment for the plots shown in Figure A.6.
Corrosion rate
mm year−1
39.9  2.8

𝛩

Blank
–
13t
50 M
9.4  2.1
0.765
250 M
5.7  1.4
0.857
550 M
4.1  0.9
0.898
850 M
2.9  0.7
0.929
13i
50 M
12.6  2.3
0.684
250 M
10.6  1.2
0.735
550 M
8.3  1.3
0.792
850 M
6.8  1.2
0.830
12i
50 M
14.9  2.3
0.627
250 M
11.3  0.5
0.716
550 M
9.1  1.2
0.772
850 M
7.2  1.5
0.820
Surface coverage 𝛩 is calculated using corrosion rates extracted from the Tafel curves.
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Figure A.6

(a) REA vs. Cdl, (b) Rp vs. REA, and (c) Rp  (1 − 𝛩) vs. Ci plots for 13t, 13i, and
12i.

REA = 1 − 𝛩, where 𝛩 refers to the surface coverage from Table A.3.

Table A.4
13t
N
N
N
C
N
C
C
C
C
C

Cartesian coordinates of the DFT optimized species. The absolute electronic
energies are in Hartrees.

el energy= -714.336114622
2.424304 -0.145468 0.004197
4.534279 -0.711410 0.304517
-4.534277 -0.711411 0.304528
-1.203119 0.575669 -0.054840
-2.424304 -0.145467 0.004196
3.668892 0.281076 0.359169
0.000000 -0.131995 -0.006917
1.203119 0.575669 -0.054839
-3.668888 0.281073 0.359186
1.213662 1.972740 -0.150675
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Table A.4 (continued)
H
C
H
N
C
H
N
C
H
C
H
H
H
H

2.149345
3.753120
4.138906
-2.476748
-3.753123
-4.138912
2.476744
-1.213662
-2.149346
-0.000000
0.000000
-3.884185
3.884195
0.000000

2.518874
-1.758323
-2.758509
-1.475603
-1.758318
-2.758502
-1.475608
1.972740
2.518873
2.658255
3.741892
1.296722
1.296730
-1.212837

-0.223420
-0.095089
-0.250910
-0.286161
-0.095102
-0.250935
-0.286140
-0.150676
-0.223424
-0.189403
-0.276749
0.663345
0.663309
0.057934

13i
N
N
N
C
N
C
C
C
C
C
H
C
H
C
H
C
H
C
H
C
H
C
H
H
H
H

el energy= -682.262633582
-2.432095 -0.161954 0.004358
-4.551305 -0.620219 0.552250
3.948641 -1.778549 -0.228509
1.212434 0.554012 -0.068473
2.436485 -0.152437 0.037018
-3.592438 0.272508 0.609739
0.003079 -0.142421 0.034780
-1.208614 0.546282 -0.092051
2.715471 -1.403721 -0.470439
-1.214023 1.933089 -0.290705
-2.155884 2.459605 -0.415168
-4.006619 -1.691673 -0.125406
-4.588775 -2.581455 -0.331980
3.606727 0.282908 0.645267
3.655959 1.229811 1.163200
4.511501 -0.733567 0.475044
5.536510 -0.777098 0.822568
-2.702348 -1.440509 -0.466399
-1.968166 -2.005297 -1.022577
1.213284 1.941437 -0.262511
2.154754 2.473756 -0.363374
-0.001580 2.619861 -0.358109
-0.003594 3.695370 -0.518386
1.980293 -1.962244 -1.036636
-3.648164 1.235036 1.102993
0.003734 -1.204605 0.259127
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Table A.4 (continued)
12i
N
N
N
C
N
C
C
C
C
C
H
C
H
C
H
C
H
C
H
C
H
C
H
H
H
H

el energy= -682.256748432
-1.168020 0.911418 0.103545
-1.984426 2.940316 -0.363526
3.003894 1.053025 -0.798557
0.236548 -1.124321 -0.025298
1.441692 -0.372259 -0.078219
-2.033625 1.665487 -0.663169
-1.026394 -0.500490 0.049918
-2.181103 -1.294340 0.069270
1.783808 0.609699 -0.983543
-2.094858 -2.685094 0.026512
-3.003654 -3.281622 0.046995
-1.053098 3.036888 0.650448
-0.810438 3.990802 1.102362
2.555125 -0.551042 0.735329
2.547582 -1.262954 1.548680
3.492028 0.339127 0.275938
4.491026 0.510735 0.658108
-0.532018 1.806041 0.956131
0.203747 1.477889 1.675636
0.311819 -2.522567 -0.050198
1.292472 -2.986125 -0.120631
-0.843242 -3.302559 -0.020624
-0.763257 -4.386564 -0.046099
1.093698 0.940930 -1.749379
-2.646084 1.211274 -1.432977
-3.147007 -0.802851 0.150311

13t-protonated
N
-0.815068
N
-1.950823
N
1.950823
C
0.383254
N
0.815068
C
-2.019369
C
-0.000000
C
-0.383254
C
2.019369
C
-0.394096
H
-0.707623
C
-0.692918
H
-0.315200
N
-0.000000
C
0.692918

el energy= -715.039774435
2.362757 -0.215733
3.995719 -1.094362
-3.995719 -1.094362
-1.128970 0.475392
-2.362757 -0.215733
2.718652 -0.657812
0.000000 -0.270519
1.128970 0.475392
-2.718652 -0.657812
1.147999 1.878441
2.031481 2.433285
4.457255 -0.911827
5.454188 -1.155812
-3.466713 -0.376908
-4.457255 -0.911827
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Table A.4 (continued)
H
N
C
H
C
H
H
H
H
H
H
H
H

0.315200
0.000000
0.394096
0.707623
0.000000
0.000000
2.910415
-2.910415
-0.000000
-0.986263
2.731953
-2.731953
0.986263

13i-protonated
N
-2.453537
N
-4.446692
N
4.121015
C
1.195095
N
2.455663
C
-3.438048
C
-0.001371
C
-1.199922
C
2.907166
C
-1.213283
H
-2.155086
C
-4.117751
H
-4.795450
C
3.426262
H
3.274867
C
4.472888
H
5.416253
C
-2.863112
H
-2.244971
C
1.209622
H
2.153037
C
-0.001740
H
-0.002444
H
2.391942
H
-3.406609
H
-0.001125
H
4.699053
H
-5.319445

-5.454188
3.466713
-1.147999
-2.031481
-0.000000
-0.000000
-2.092001
2.092001
0.000000
-3.461341
-4.538286
4.538286
3.461341

-1.155812
-0.376908
1.878441
2.433285
2.574729
3.663613
-0.655019
-0.655019
-1.358513
-0.093912
-1.489866
-1.489866
-0.093912

el energy= -682.943652749
-0.164235 0.018499
-0.686948 0.687950
-1.490378 -0.312477
0.540764 -0.110154
-0.150448 0.037581
0.169790 0.870356
-0.170458 0.017244
0.539059 -0.114963
-1.141694 -0.748907
1.914587 -0.360222
2.442319 -0.488159
-1.597871 -0.298009
-2.377933 -0.616040
0.136234 0.994958
0.895741 1.748460
-0.710037 0.772846
-0.825198 1.288409
-1.270749 -0.721942
-1.698158 -1.497573
1.918721 -0.345435
2.448350 -0.450713
2.601735 -0.465582
3.670270 -0.661730
-1.558986 -1.602793
0.976234 1.590246
-1.231106 0.254382
-2.211194 -0.732092
-0.666753 1.205602
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Table A.4 (continued)
12i-protonated
N
1.456412
N
2.844391
N
-2.817494
C
-0.648340
N
-1.493141
C
2.262243
C
0.757789
C
1.520528
C
-1.966766
C
0.890919
H
1.494331
C
2.422126
H
2.781482
C
-2.086747
H
-1.888003
C
-2.915709
H
-3.561469
C
1.552225
H
1.031249
C
-1.271488
H
-2.357234
C
-0.502107
H
-0.996522
H
-1.720727
H
2.414318
H
2.604884
H
-3.331883
H
3.510357

el energy= -682.924131486
-0.385246 0.024544
-1.940876 -0.571205
-1.755493 -0.780318
0.965199 0.003355
-0.212170 -0.031502
-0.805400 -0.966603
0.881793 0.027061
2.051280 0.060549
-0.792866 -1.146975
3.299433 0.066631
4.202781 0.094669
-2.266274 0.704440
-3.141422 1.228360
-0.822369 1.072697
-0.489592 2.081626
-1.796907 0.598371
-2.495461 1.112811
-1.286304 1.084133
-1.128360 2.016788
2.214301 0.019625
2.269594 0.005651
3.381240 0.049136
4.348855 0.060054
-0.509885 -2.161568
-0.303683 -1.912995
1.982464 0.100100
-2.347121 -1.425441
-2.470434 -1.125216
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Uncoated

Figure B.1

Ag

NF

SEM images (inset: corresponding high magnification images) and EDX spectra
for the uncoated and coated substrates after 7 days of immersion in 0.5 M NaCl
solution.

(a)

(b)

(c)

(d)

Figure B.2

NFAg

Screenshots illustrating the passage of (a) hexane, (b) petroleum ether, (c)
gasoline, and (d) cooking oil through the NFAg-coated mesh.
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(a)

(b)

(c)

(d)

Figure B.3

Sequential frames showing the separation of mixtures of water and (a) hexane, (b)
petroleum ether, (c) gasoline, and (d) cooking oil.
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Figure B.4
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FTIR spectra of ACN mixed with (a) hexane, (b) petroleum ether, (c) gasoline, and
(d) cooking oil containing different concentrations of water, with corresponding
calibration curves.
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